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Abstract
The Asian summer Monsoon circulation is driven by differential thermal heating,
primarily associated with the localized latent heat release from enhanced precipitation
over the India sub-continent. Although this heating is of limited zonal extent, it drives
a time-averaged, upper level anticylone which is of global extent, extending from the
western edge of the bulge of Africa, to the east of the Asian continent. The current
theory (originally proposed by Gill (1980)) for explaining this zonally asymmetric
component of the tropical circulation is unsatisfactory because it is based on the
linear theory of damped equatorial waves while it is known that, at least for the upper
level flow near the tropopause, the dynamics are strongly nonlinear. An alternative
explanation, which is consistent with the nonlinear nature of the flows, involves the
shedding of vortices from the directly forced monsoon anticyclone. The vortices, or
eddies, are capable of drifting to the far field to establish a circulation which extends
far beyond the local forcing.
This thesis provides a dynamical explanation for the generation of eddies near the
center of a divergent anticyclone, which, through their westward drift are responsible
for the establishment of the global scale of the Asian summer Monsoon. The thesis
consists of two parts, one numerical and one observational. The numerical study
systematically investigates localized thermally driven circulations by using a shallow
water model. This part of the thesis is theoretical in nature, and seeks to under-
stand how non-axisymmetric elements such as a beta effect, or an external uniform
flow, affects the dynamics of a divergent anticyclone for which, in the absence of
non-axisymmetric elements, there exists an analytical axisymmetric solution. Con-
trol parameters which determine the dynamical regime of the flow are identified and
explained. For the midlatitude beta plane experiment, the control parameter, pO, is
the ratio between the free drift speed of an axisymmetric vortex on a beta plane, OL,
and the strength of the forced localized divergent flow (ux) where L is the size of the
axisymmetric circulation. For the uniform flow experiments, the control parameter
is the strength of the uniform flow, Urn, and the divergent flow, ux. Each control
parameter measures the relative importance of two competing effects, one which tries
to displace the anticyclone westward (for the midlatitude beta plane experiments), or
downstream (for the uniform flow experiments) and one tries to keep the forced vortex
anchored. For each series of experiments, a critical value which separates the different
long-time flow behavior is found. When the circulation is below the critical value,
the circulation is persistent and localized. When the control parameter is above the
critical parameter, a material filament with low potential vorticity is drawn from the
divergent center, rolls up due to shear instability and is soon shed away by detaching
itself from the main vortex. In the time-mean vorticity budget, the transient eddies
have the effect of dissipating the time-mean flow. The dissipation effect by transient
eddies can be grossly parameterized as a linear damping term in the linear version of
the model.
Another series of experiments, extending the midlatitude beta plane to the equa-
torial beta plane, with an equator within the reach of the forced perturbation, is
conducted in which equatorial waves can be generated. The shedding behavior be-
gins when the value of the control parameter is of order unity in the midlatitude beta
plane experiments, and continues to exist for values of order 10 in the equatorial beta
plane experiments. When the control parameter takes on values of order 100 and
larger, the shedding behavior disappears and is replaced by linear wave solutions.
In these experiments, another non-dimensional parameter (q), which measures the
non-dimensional distance from the thermal forcing center to the equator, is found to
affect the stability characteristics of the forced vortex. This series of experiments also
allows equatorial waves to co-exist with the nonlinear vortex and to be excited by the
broad thermal cooling, whose magnitude and location are determined by the internal
dynamics of the nonlinear forced vortex. This linear part of the response is similar to
the solution predicted by Gill (1980), but is of opposite sign, since it is the response
to the resulting broad thermal cooling part of the thermal forcing, and not the small
localized imposed thermal heating as Gill would have it.
In the second part of the thesis, the theory is confirmed by discovering eddy
shedding from the analysis of observational data. The potential vorticity on the
isentropic surfaces are analyzed from 17 isobaric level NCEP-reanalysis data over the
region of the Asian summer Monsoon. Two episodes of eddy shedding are found
in July of 1990. The shedding events in the potential vorticity field are observed
at the levels of isentropic surfaces from 360K to 380K. The induced geopotential
perturbation penetrates deeper to 400 mb. The technique of Contour Advection
with Surgery, a technique that allows to discriminate between adiabatic and diabatic
effects, is used to recapture the shedding events, and confirm that the eddy shedding
is indeed due to the essentially inviscid process identified in the idealized shallow
water model.
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Chapter 1
Introduction
1.1 The chronicle of the thesis foretold
The zonally-averaged component of the tropical circulation has drawn most of the at-
tention in meteorology over the centuries since Hadley (1735), (see Lorenz, 1967 and
Chapter 7 in Lindzen, 1990 for a review). Only until recently has a widely-accepted
theoretical explanation based on the framework of zonally-symmetric models been
provided (Schneider 1977; Held and Hou 1980; Lindzen and Hou 1988; Plumb and
Hou 1992). However, the theory would not be adequate without considering the
zonally-asymmetric component especially because (1) the distribution of the thermal
forcing is far from zonally-symmetric and (2) the zonally-asymmetric component of
the circulation is not just a small deviation from the zonally-symmetric component.
Fig. 1-1 shows the monthly mean precipitation rate at the surface in July, 1990,
representing the column integrated latent heat release - a major component of the
thermal forcing. As shown in Fig. 1-1, the distribution is rather localized over the
Asian Summer Monsoon area which is centered near 25'N and 90'E and is distin-
guished from the zonally-elongated band along the ITCZ at 100 N. Fig. 1-2 shows the
monthly mean absolute vorticity at 200 mb, scaled by the local planetary vorticity,
for July 1990. As seen from the figure, there is a patch of low absolute vorticity
contoured by the value of 0.5 in the area of heavy precipitation over Asian summer
monsoon while the absolute vorticity is no lower than 0.6 for most of the areas in the
surface precipitation rate for July 1990
Figure 1-1: The monthly mean surface precipitation rate for July of 1990 from
NCEP/NCAR Reanalysis. The contour interval is 4 x 10- kg m- 2 S-1. Only values
greater than 1 x 10- kg m- 2 s- 1 are contoured.
same latitudinal belt. This indicates a strong zonally asymmetric circulation over the
Asian summer monsoon. Also, the large local Rossby number (-0.5) for this area
suggests the importance of nonlinearity for the zonally asymmetric flow. In addition,
it dominates the zonal mean.
On the other hand, it is not the case that there is a lack of theory in meteorology
to explain the zonally-asymmetric component of the circulation related to the Asian
Summer Monsoon. There is a widely used model proposed by Gill (1980). However,
as opposed to the nonlinear, inviscid zonally-symmetric model, this linear model
requires a large mechanical damping term to obtain the right globle scale for the
Asian summer monsoon. Fig. 1-3 shows a plot of the streamfunction at 200 mb for
July 1990. The asymmetric circulation represented by the streamfunction is of global-
scale. The last closed contour of the streamfucntion expands from 40'W to 160'E,
covering over half of the global. While the linear parameterization term used in the
linear model is justifiable for the low-level boundary flow (Neelin 1988; Lindzen and
Nigam 1987), it is not obviously so for the upper level flow. For the upper level flow,
Monthly-mean absolute vorticity scaled by the local planetary vorticity at 200mb for July 1990
Figure 1-2: The monthly mean absolute vorticity scaled by the local planetary vor-
ticity at 200 mb for July of 1990. The contour interval is 0.1. Values greater than
unity (cyclonic shear) are not contoured.
the possible role of transient eddies in damping the global scale circulation is implied
from the vorticity budget calculation over the Asian Summer monsoon in a GCM
(Sardeshmukh and Held 1984). However, they give no explicit physical explanation
for the generation and subsequent propagation of eddies. Apart from the transient
eddies, cumulus friction is often considered as a dissipative agent on the large-scale
circulation (Holton and Colton 1972; Schneider and Lindzen 1977). However, it
occurs only over small convective regions and therefore can not be responsible for the
large-scale damping. There is no a priori reason to assume that the time-mean upper
tropical flow is not inviscid (of course, this thesis in the end will provide a reason why
transient eddies can be the source of damping for the large scale circulation ).
Upon viewing the current available theories for the thermally-driven circulations,
one could see that there needs to be more work done to reconcile the current theories.
Schneider (1987) derived the zero absolute vorticity constraint (hereafter refer to as
ZAV and more details can be found in Section 2.4.2 ) for the steady non-axisymmetric
circulation to replace the constraint of the angular momentum conservation in the
axisymmetric model. This constraint is conceptually appealing since all the principles
used in the axisymmetric theory are still applicable to the non-axisymmetric case.
Physically, it states that the forced divergence decreases the absolute vorticity to zero
by squashing the vortex column, then the divergent flow further expands the material
with zero absolute vorticity outward by advection. In addition, the observational
study of Sardeshmukh and Hoskins (1985) near the tropics supports the idea of a
Streamfunction at 200 mb for July 1990
Figure 1-3: The streamfunction at 200 mb for July 1990 plotted with a contour
interval of 5 x 106 m2s- 1
zero absolute vorticity ring being advected outward. In this thesis, we continue this
line of research and take the ZAV constraint idea as a basis for studying the non-
axisymmetric circulation.
The fundamental question of the thesis is as follows:
In a steady non-axisymmetric thermally-driven system, there must be solutions
which are nonlinear under a nearly inviscid assumption. What is the nature of the
solutions ? Furthermore, how are these solutions related to the previously studied 2-
D axisymmetric nonlinear inviscid solution and the linear non-axisymmetric viscous
solution ?
The early stage of the study focuses on building a system which can carry the
property of angular momentum conservation over to the ZAV solution along with
the requirement of using localized forcing. As a consequence, the simplest system,
a shallow water system on an f-plane, is chosen. A 1-D axisymmetric system is
used to realize the flow and its stability properties. The non-axisymmetric study is
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started by breaking the axis-symmetry of f-plane solution by progressively adding
asymmetric elements. The inclusion of asymmetric elements is kept simple. In one
set of experiments, a uniform flow is imposed in a 2-D model with doubly periodic
boundary conditions. In another set of experiments, a beta effect is imposed in
the 2-D channel model. The aim is to keep the dynamics relatively easy to grasp.
Initially the focus is on understanding the dynamics of the steady non-axisymmetric
solutions and the extent to which the ZAV constraint can be satisfied. Subsequently,
the attention shifts to a parameter regime beyond which the steady solution becomes
unstable. In this regime, it is found that transient eddies are detached from the forced
vortex and drift to the far field. Attention is drawn to this parameter regime because
of the importance of transient eddies over the Asian Summer Monsoon emphasized
in a budget study by Sardeshmukh and Held (1984). At this stage, the following
question is studied:
Does the eddy shedding observed in the model have the effect of dissipating the
time-mean circulation ?
When such a role is confirmed, the conflicting theories are partly reconciled. The
non-axisymmetric circulation with eddy-shedding is in the nonlinear regime though
not in the ZAV regime. The transient eddies carry low PV to the far field and
eventually establish a global scale circulation. The role of eddies as a dissipation
agent seems to provide a physical reason for the use of large mechanical damping
in linear models. With this in mind, we go back to examine the dynamics near
the upper troposphere in the Asian Summer Monsoon. Based on the simple model
studies, the absolute vorticity should be low over the intense divergent area in the
upper troposphere, though not necessarily zero, and there should be eddies shed from
the divergent area which propagate westward to build a global-scale circulation. If one
forms a zonal average, the angular momentum should be almost conserved because
of the sum over several local heating blobs. This leads to the following question:
Is there eddy-shedding taking place in the Asian Summer Monsoon region ?
With a positive answer, the point of contact between abstract theoretical study
and the real world is made clear and brings a closure to this thesis.
1.2 Synopsis of chapters
Chapter 2 contains a review of the general circulation of the tropical and subtropical
dynamics. It includes two parts. First, we construct an overall picture of the summer
circulation based on the NCEP-reanalysis data for 1990. Second, existing theories
to explain the different components of the circulations are reviewed. This is followed
by discussion on how well the theories can explain the observations and the consis-
tency among the theories. Chapter 3 contains the construction of an axisymmetric
inviscid steady state solution as well as a time-dependent solution. However, these
inviscid solutions are in general unstable to asymmetric perturbations. The inclusion
of Laplacian diffusion is studied with a normal mode analysis and time dependent
solution as a mean of obtaining a stable nearly axisymmetric solution with the least
amount of viscosity. Chapter 4 consists of two parts. The first part discusses how a
simple imposed uniform flow can destroy the axisymmetry and how it affect the flow's
behavior. The second part discusses how a prescribed beta effect on a midlatitude
3 plane can break the axisymmetry in a 2-D channel model. Also, some free vor-
tex drift experiments are included to shed some insight on the physics of the forced
experiments. Chapter 5 contains equatorial # plane experiments with an equator
within the reach of the forced perturbations. Chapter 6 presents the results from the
observational study of NCEP/NCAR reanalysis data. Chapter 7 has a summary of




This chapter provides the background for the observational and theoretical aspects
of the large-scale tropical circulations. The purpose is to motivate this thesis by
reviewing certain inconsistencies in the current theories. Section 2.2 lists some ba-
sic properties of the tropical circulations. Section 2.3 has a brief description of the
zonally-averaged and zonally-asymmetric circulations from the observational data.
Section 2.4 discusses some currently available theories for these circulations. Sec-
tion 2.5 discusses how the inconsistencies among the current theories motivates this
thesis and also provides the justification for the model that we use in this study.
2.2 Some fundamental properties of the tropical
circulations
Unlike the mid-latitude atmospheric dynamics which can be understood in the frame-
work of the quasi-geostrophic system, there is no such simple theoretical framework
to provide an overall understanding of the large-scale tropical circulations. A general
discussion of large scale tropical circulation can be found in Paegle et. al. (1983) and
Webster (1983). However, some basic properties are known to be manifestations of
the smaller rotational rate and the larger differential rotational rate of the earth, and
of the moist atmosphere (Holton 1972). We list some of them to guide our choice of
parameter for our study of the tropics:
e In contrast to the baroclinic environments present in midlatitudes, the
tropics has small temperature gradients. Tropical motion primarily gains
its kinetic energy via the vertical redistribution of heat. In the thermo-
dynamic equation, the leading balance is between the diabatic heating
(cooling) and the adiabatic cooling (warming).
e For a synoptic scale system, the Rossby number is equal to or greater
than one. However, the linear planetary vorticity advection term is also
large since beta has a maximum at the equator. For a similar system, the
pressure variation is one order smaller than that in midlatitudes.
2.3 Gross observational features of the tropical large
scale circulations
In the tropics, the primary heating agent for the atmosphere is the large zonal array
of individual cumulonimbus clouds in the Intertropical Convergence Zone (ITCZ),
the South Pacific Convergence Zone (SPCZ) and mosoonal regions. The ITCZ lies
to the north of the equator across the Pacific and Atlantic oceans and the SPCZ
branches from the ITCZ across the southwestern tropical Pacific and ends south
of the equator. These convergence zones migrate north-south with the warm sea
surface temperature (see a more detailed description in Philander (1990)). Figure 2-1
shows the surface precipitation rate for January of 19901 to be compared with the
precipitation rate in Figure 1-1 for July of 1990. As shown form the figures, the ITCZ
and SPCZ can be identified from the zonally oriented line sources near 10'N in July
and north and south of the equator in January. In addition, the asymmetry of the
'The year 1990 is considered to be a "typical" year here. The monthly mean figures are given
for illustration purpose by assuming they are not too different from climatology.
surface precipitation rate for January 1990
Figure 2-1: The monthly mean surface precipitation rate for January of 1990 from
NCEP/NCAR Reanalysis. The contour interval is 4 x 10- 5 kg m- 2s- 1. Only values
greater than 1 x 10- kg m-2 s-1 are contoured.
heating distribution is largely enhanced over the three continents: South America
and Africa and the maritime continent of Indonesia and Malaysia. In January, the
heating maximum straddles the maritime continent at 1200 near the equator. In July,
the heating maximum moves northward to 25*N over Asia, separating itself from
the line heating sources over the oceans and appearing more localized in the Asian
subtropical region. There are three major thermally-driven circulations associated
with the heating distributions. The Hadley circulation consists of the north-south
overturning circulation out of the ITCZ and SPCZ. Its zonally-averaged features are
illustrated in the zonal wind and angular momentum distributions in Figure 2-2, and
the wind field on the meridional plane is shown in Figure 2-3. As shown from Figure 2-
2, two subtropical westerly jets are located at 30*S in the winter hemisphere and at
45 *N in the summer hemisphere. In addition, there are weak easterlies throughout
the tropics. A strong meridional overturning cell with air rising from the summer
side of the equator with a maximum strength at ~ 80 N and air sinking in the winter
hemisphere with a maximum at - 20S can be seen from Figure 2-3. A much weaker
Zonal mean zonal wind and angular momentum distributions for July 1990
Figure 2-2: The zonal mean zonal wind and angular momentum distributions for July
1990. The contour interval for the zonal wind is 5 m s-'. The contour interval for
the angular momentum is 109m 2 S-1.
cell sinks poleward of the main cell.
The second major thermally-driven circulation is the Walker circulation - the
east-west overturning circulation out of ITCZ and SPCZ with a stronger strength in
the winter. Figures 2-4 and 2-5 show the wind field and velocity potential at 200 mb
for January of 1990. The upper branch of the Walker circulation can be constructed
from Figure 2-4 and Figure 2-5 by following the strong westerlies along the equator
from the divergent center over the maritime continent to the weak convergent center
near the western coast of South America.
In July, the upper divergent center moves to the north in accordance with the
movement of the maximum heating over the Asian continent. The more prominent
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zonal mean meridional circulation for July 1990
Figure 2-3: The zonal mean wind field on the meridional plane for July 1990. The
dotted lines indicate the zonal mean vertical velocity in units of Pascal/sec. The
contour interval is 0.005 Pascal/sec. The dashed lines in colors indicate meridional
velocity. The contour interval is 0.5 ms-1













180 120W 1 2OE
Figure 2-4: The upper level wind field at 200 mb for January 1990 plotted with arrows.
The solid contours plot the magnitudes of the wind field with a contour interval of
15 ms--.
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Figure 2-5: The velocity potential at 200
is 2 x 106 m2 s- 1 .
0 60E 120E 180
mb for January 1990. The contour interval
circulation is the third thermally-driven circulation- the Asian Summer Monsoon.
Figures 2-6 and 2-7 show the wind field and potential velocity distributions at 200
mb for July of 1990. As we discussed previously in Section 1.1, there is a global-scale
anticyclonic circulation over the divergent center in the subtropics near 90'E where
the divergent flow emanates and has a maximum strength as can be seen from the
strong gradient of velocity potential in Figure 2-7. There are strong cross-equatorial
flows in the southern branch of the circulation and the overturning cell seems to
extend to the East Pacific Ocean as shown from the velocity potential distribution in
















wind field at 200 mb for July 1990
0 120W 1 20E
Figure 2-6: The upper level wind field at 200 mb for July 1990 plotted with arrows.
The solid contours plot the magnitudes of the wind with a contour interval of 15
ms 1 .






















Figure 2-7: The velocity potential at 200 mb for July 1990. The contour interval is
2 x 106 m2 s-'.
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2.4 Current work related to large scale tropical
circulations
2.4.1 Nonlinear inviscid theory for zonally-symmetric circu-
lations:
There has been a series of theoretical studies on zonally axisymmetric thermally
driven circulations (Schneider 1977; Held and Hou 1980; Lindzen and Hou 1988;
Plumb and Hou 1992; Zhang 1997). A detailed historical review on the zonally
averaged circulations can be found in Lorenz (1967), and a detailed discussion on
the dynamics can be found in Chapter 7 of Lindzen (1990). Here we briefly go over
the calculation of the steady state solution based on Held and Hou's paper (1980).
Based on the same principles, we derive in Chapter 3 a solution analogous to Held
and Hou's for an f-plane shallow water model.
The assumption that the fluid is inviscid is the basic assumption for these axisym-
metric theories. For a steady, inviscid symmetric flow, Schneider (1977) pointed out,
from the extension of Hide's theorem (1969), that there should be no maximum of
angular momentum anywhere except at the surface of regions with surface easterlies.
This theorem selects either of the two possible steady solutions which are referred
to as Thermal Equilibrium solution and Angular Momentum Conserving solution
(Plumb and Hou (1992) has a detailed discussion on the selection of these solutions).
For a stratified fluid on a sphere, the system can be thermally driven by relaxing back
to an imposed "convective - radiative" equilibrium state. The imposed thermal equi-
librium state itself is a solution provided its angular momentum distribution has no
maximum in the interior of the fluid. When it does, a solution based on angular mo-
mentum conservation replaces it. The vertically-averaged temperature is calculated
by assuming the zonal flow is balanced. The latitudinal extension of the angular mo-
mentum conserving solution is decided by requiring that there is "no heat loss within
the circulation". Beyond the overturning circulation, the solution is connected to the
thermal equilibrium solution by imposing continuity in the temperature field. At the
matching point, the zonal flow, however, is not continuous. If a parcel starts from
rest and moves from 10*N all the way to 40*S, its zonal velocity would reach 231.6
ms- 1 by angular momentum conservation.
If the imposed equilibrium temperature is symmetric about the equator, two equal
cells on both sides of the equator develop (Held and Hou 1980). If one moves the
heating profile off the equator by a few degrees, one large cell extending to the winter
hemisphere and another weak cell poleward of the main cell develop (Lindzen and
Hou 1988). If the heating maximum is further moved into the region of the subtropic
where the Coriolis parameter is finite, no meridional overturning circulation possible
unless a certain critical thermal forcing amplitude is reached (Plumb and Hou 1992;
Zhang 1997).
2.4.2 Nonlinear inviscid theory for non-axisymmetric circu-
lations:
The constraint of angular momentum conservation is the basis on which symmetric
flow solutions discussed above are derived. In a non-axisymmetric flow, angular mo-
mentum is not conserved. However, the property of zero absolute vorticity (which
is proportional to the derivative of angular momentum in symmetric flow) can be
carried over the the non-axisymmetric flows. Schneider (1987) derived such an inte-
gral constraint from the circulation equation. For the shallow water system (or for
the 3 dimensional hydrostatic, primitive system, we consider the outflow layer in the
tropics where the vertical velocity is small and the vortex twisting term is assumed
to be small), the circulation tendency for the time-mean flow U, around any closed
contour C is
dl+ V-jidA=- V-(U)dA+ F-d1, (2.1)
where A is the area enclosed by that contour, and the terms on the right describe the
contributions of transient eddies and friction, respectively. In an inviscid steady state
with no transient eddies, if we choose C to be a closed contour of absolute vorticity
(~ (=constant), the equation reduces to
af V - dA = 0. (2.2)
Which implies two possibilities:
( = 0 or JV dA = 0.
Sobel and Plumb (1998) have shown that this result holds true for inviscid flow even
in the presence of transients, provided the area enclosed by the contour does not
change with time. If the absolute vorticity contour is zero, there is no constraint
on the divergence distribution in the region which is enclosed by the contour. If
the absolute vorticity contour is not zero, the integrated divergence over the area
enclosed by the contour has to be zero. In such a case, there would be an equal
amount of mass source and sink within any enclosed contour of absolute vorticity with
non-zero value. However, solving the analytical non-axisymmetric thermally driven
circulations by using the above constraints is not easy. Schneider (1987) solved the
problem by assuming the zonally asymmetric component is only a small perturbation
to the zonally symmetric part.
The idea of zero absolute vorticity is not just a theoretically interesting way of
replacing the angular momentum conservation solution for non-symmetric flow. Ob-
servational studies show that the atmosphere does have regions of near zero absolute
vorticity. Sardeshmukh and Hoskins (1985) calculated the vorticity budget over the
east equatorial Pacific Ocean at 150mb, near the level of maximum outflow associated
with organized deep convection in the tropics during the 1982-83 El Niio-Southern
Oscillation event. They found state that the vorticity balance is nonlinear and nearly
inviscid. Furthermore, they state that the idea of zero absolute vorticity- outward
expansion of material circuits in regions of convective outflow leads to a rapid spin-
down of fluid column, a zero absolute circulation - is of crucial importance. In a
similar study for diagnosing the vorticity balance of the upper troposphere of the
Asian Summer Monsoon in a GCM, Sardeshmukh and Held (1984) also find that the
balance is essentially nonlinear and inviscid. In the real atmosphere, a steady state is
hardly achieved. However, the concept of material of zero absolute vorticity expanding
outward is useful for thinking about non-axisymmetric thermally-driven circulation
forced by localized heating. Other works addressing the importance of nonlinearity
for the upper tropcial circulation include Nobre (1983) and Hendon (1985).
2.4.3 Linear viscous theory for zonally-asymmetric circula-
tions:
The most prevalent theory regarding the asymmetric response of the tropical atmo-
sphere is based on equatorial waves (Matsuno 1966). Gill (1980) used a linear shallow
water model on an equatorial beta plane to study the atmospheric response to local-
ized heating at the equator and off the equator. The solution he derives consists of
forced stationary equatorial waves. This Kelvin wave, which consists of zonal flows
trapped near the equator, is proposed to explain the Walker circulation. When the
heating is moved further away from the equator, a forced Rossby wave dominates
the response and it is proposed to explain the global-scale anticyclone over the Asian
Summer Monsoon. However, to confine the circulations to a finite distance, a large
linear dissipation is required in the model. Since the zonal scale of the circulation
is proportional to the group velocity times the dissipation time scale, a dissipative
time scale of 2.5 days is needed to confine the circulation to a realistic extent to
explain the Walker circulation. Notice that for a zonally averaged linear model only
the dissipation term can balance the Coriolis force in the zonal direction. Extensions
to the linear model include the study of Lau and Lim (1982) where they study the
time-dependent version of Gill's model (1980), Heckley and Gill (1984) who study
the time-dependent analytical solution to a steady localized heating and Philip and
Gill (1987) who re-derive the steady state solutions by adding a uniform zonal flow.
More recently Zhang and Krishnamurti (1996) used more realistic forcing from the
OLR distribution over the tropical belt to rederive Gill's analytical solution.
Neelin (1989) points out that Gill's model can be interpreted as a boundary layer
model for the atmosphere. The steady, low-level, asymmetric component of the at-
mospheric response to the differential heating such as the gradient of the sea surface
temperature, or the latent heating is considered to be linear as discussed by Neelin
(1988) and Lindzen and Nigam (1987). Lindzen and Nigam (1987) directly used
the gradient of the tropical sea surface temperature as the forcing in the momentum
equation to drive the asymmetric component of the low-level wind. The mechanical
damping in their model is assumed to be due to vertical diffusion of momentum and
surface drag. Neelin (1989) noted that Lindzen and Nigam's model can be mathe-
matically transformed into Gill model and falls to a similar dynamical regime within
certain values of the physical parameters. For the low-level flows where the dissipa-
tion is large, the forced dissipative linear model does a reasonable job of representing
the asymmetric wind distribution.
There is also a series of papers by Webster (1972; 1973a; 1973b; 1982) regarding
tropical dynamics. By using a two-layer spherical model linearized to the seasonal JJA
and DJF zonal wind distributions, Webster (1972) studied the steady, zonally asym-
metric atmospheric response to orographic forcing and the thermal forcing estimated
from the cloud coverage within the tropics. They found that the most important
mechanism among different thermal forcings and orographic forcing to drive the cir-
culation is the latent heat release. There is an agreement, although crude, in the
perturbation flow field between the observation and the model simulation near the
equator. The discrepancies near the edges of the tropics around 300 degrees of lati-
tudes are considered to be large. In the second paper (1973a), two lateral boundary
forcings are imposed at near 40*N and 40* S to represent the stationary eddy effect
from the mid-latitudes. The results are improved, especially in the region of North
Pacific.
In a third article, Webster (1973b) added the MAM (March-April-May) and SON
(September-October-November) basic states to the model and studied the linear sta-
tionary response to the thermal forcing. For the stationary forced response, Rossby
waves are observed to the north of the critical layer where the westerlies prevail, and
extra-long Kelvin waves are observed near the equator to the south of the critical
layer where the easterlies prevail. The study also shows that the zonal component
plus the stationary response together creates regions of barotropic instability in the
upper level where transient perturbation in time-scale much less than a month are pro-
duced. Furthermore, he concluded the Walker circulation corresponds to the Kelvin
waves with wave number 1. This wave has a constant phase ascending over Indone-
sia and descending over the eastern Pacific Ocean but changes amplitude with the
seasons according to the varying forcing. This conclusion contradicts the conclusion
by Krishmamuti (1971) that the overturning cell from Indonesia to Eastern Pacific
Ocean is a southern extension of the much stronger Indian summer monsoon.
Hoskins and Rodwell (1995) specifically simulated the upper level circulation of
the Asian Summer Monsoon by using a dry 15 -level baroclinic model. The zonally
symmetric component is taken from the climatology and remains fixed throughout
the time integration of the model. They found that the global scale circulation of the
Asian summer Monsoon is essentially linear as in the theory of Gill (1980). Hoskins
(1996) and Rodwell and Hoskins (1996) further proposed that the warm structure in-
duced by the Rossby wave propagating from the Monsoonal area prepares a favorable
slope of the isentropic surface for the air from the southern flank of the midlatitude
westerlies to sink near the desert area over the eastern Sahara and Mediterranean.
2.5 The motivation of the thesis
From the above review of recent work in tropical meteorology, it is clear that the
theories regarding the zonally symmetric and zonally asymmetric circulations are
developed under very different assumptions. The theory for zonally symmetric circu-
lations is nonlinear and inviscid while the theory for zonally asymmetric circulation is
linear and viscous. For the low-level flow, the high viscosity can be explained by the
vertical mixing of momentum by turbulence in the boundary layer. However, there is
no obvious small-scale process which can account for dissipation on large scales in the
upper troposphere. Therefore, there is no a priori reason to assume a very viscous
upper troposphere. Besides, the measure of the nonlinearity over the region of the
Asian summer monsoon is shown to be large in Figure 1-2. The idea of zero absolute
vorticity seems to be a natural extension from the zonally axisymmetric theory. The
exploration of the idea of zero absolute vorticity under a non-axisymmetric framework
is the starting point of the thesis. The ultimate goal is to reconcile the linear theory
with the nonlinear theory by providing a physical explanation for the viscosity in a
linear model within the framework of an inviscid nonlinear non-axisymmetric system.
The reason for using a barotropic system to study the non-axisymmetric thermally-
driven system is because of simplicity. Baroclinic instability would further complicate
the thermally forced circulation obtained in a system which is driven by relaxing back
to a pole-to-equator " convective-radiative" thermal equilibrium. For instance, the
steady monsoonal circulation presented by Hoskins and Rodwell (1995) is from model
results at around day 20 of the integration before baroclinic instability could develop.
However, if the system is driven by relaxing back only to localized forcing without
zonal easterlies in the tropics, a superrotaing state could develop because the excited
Rossby waves bring momentum into the tropics (Hsu (1994), not published). In the
thesis, a shallow water model is used to avoid the above-mentioned complications.
The shallow water model is meant to represent the upper outflow layer of the
tropics (Held and Phillips 1990). The choice of external parameters ensures that the
basic properties listed in Section 2.2 are met (except that in the midlatitude / plane




In chapter 3, we study an axisymmetric model which is only a function of radius in
polar coordinates. The purpose of the study is to construct a stable solution which
can be used later in the non-axisymmetric study. In Section 3.2, we derive an unstable
steady state solution analogous to Held and Hou's solution on an f-plane. It consists
of angular momentum conserving and thermal equilibrium solutions matched at a
location which is determined by requiring that no mass is lost within the distance
that angular momentum solution holds. In Section 3.3, we run the corresponding
1-D time-dependent model with the inclusion of viscosity and calculate its normal
modes. The viscosity is varied over several orders of magnitudes. The purpose is
to find the smallest viscosity coefficient that can stabilize the flow. In Section 3.4,
the corresponding flow is examined in a 2-D model which allows asymmetric pertur-
bations. A stable coherent structure, a tripole, is chosen to be the reference state
to which asymmetric elements will be added to break this axisymmetry. Section 3.5
summarizes this chapter.
3.2 Analytical solutions
We can derive Held and Hou's solution in a reduced gravity shallow-water model on
an f-plane. A relaxation back to an axisymmetric "radiative - convective equilibrium"
generates sources and sinks of mass which force the system. The governing equations,
non-dimensionalized with a time scale given by the inverse Coriolis parameter, f- 1,
with a length scale given by the deformation radius, LR = and with a reference
geopotential, 4,, given by that of the fluid at rest, can be written as follows:
Ou + tu - 2 - o= + y r , (3.1)
t r r r rar or r2
Ov Ov uv 1i (O8' -v' 32
av+ U 9 + -V + U = vIa r ,9 (3.2)at or r roar or r2
84~~~ ~ 84 (1 I)8G~)-4 18 8
o+ U + -- (ru) (= + V[ ( r ), (3.3)
at or r or 7' rr r .)o
with 0e(r) = 0e exp - (r)2]
The equations are in polar coordinates, and depend only on the radius r measured
from the origin. The radial and azimuthal velocities are denoted by (u, v). The free
geopotential apart from the basic geopotential is given by 4, and v -- is the
viscosity coefficient, with an asterisk when it is dimensional. The imposed forcing
has a maximum amplitude (e, and a Gaussian shape with an e-folding scale b. The
radiative time scale is -r. Figure 3-1 shows a sketch of the forcing profile. Notice
that through this thesis, all the variables without an asterisk are non-dimensionalized
from the two basic variables: the time scale, the Coriolis parameter, f-1, the basic
geopotential, 0,, such that a velocity is scaled by the velocity of the gravity waves
c = f0, a length is scaled by the radius of the deformation. For instance, L to
appear in Chapter 4 stands for *, and Vp ~ L reads as V ~ f0 L*.
The so-called AMC (Angular Momentum Conservation) solution and the TE
(Thermal Equilibrium) solution are valid within and outside the edge of the ax-




Figure 3-1: Sketch of the imposed forcing in the 1-D axisymmetric, f-plane shallow
water model. The forcing has a Gaussian shape with an e-folding scale b*, and a
maximum amplitude V* on top of the basic geopotential Vo.
threshold }b2 , (the threshold value can be seen from the parenthesis in the azimuthal
velocity of the TE solution shown below, which has to be real for TE solution to be
regular). Thus we can write down the inviscid steady state solutions as:
(i) AMC solution for r < R,
1
v(r) r
(r= (R 2 - r2) + <De(R),8
1 r I e(r) - 0(r)rdr
u(r) = - rr
(ii) TE solution for r > R,




I( e(r) - 0(r)) rdr = 0,
where R is determined by requiring that there is no net mass loss out of the edge of
the axisymmetric circulation at r = R (Held and Hou 1980). We can integrate the
above equation and express the amplitude of the forcing, <De, in terms of R and b :
1 ._ R (3.4)e 16 b2- b2exp 
- [()2] R 2 exp- (R)21
The steady state solution with r = 8.64, b = 0.2, and R = 1, such that <De = 1.5625
by Eq. 3.4 is plotted in Figure 3-2. As seen from the picture, the magnitude of the
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Figure 3-2: The steady state solution with r = 8.64, b = 0.2, and 0e = 1.5625. R=1
is the edge of the divergent circulation.
geopotential response, 4, is much smaller than the imposed geopotential, (De. The
difference would be further broadened if a larger R is assigned as seen from the fact
that (De oc R 4 by Eq. 3.4 while 4 oc R 2 from the AMC solution for R > b. The
azimuthal velocity increases linearly with the radius as the particle moves forward
radially and stops abruptly at r = R where the divergent circulation terminates.
The radial velocity gradually increases to indicate a divergence before r = 0.2 in
accordance with b = 0.2 and decreases afterwards to result in a broad convergence
zone. The solution continues with the TE solution in which the net forcing is zero
and no divergent circulation exists. The solution has a discontinuity of azimuthal
velocity at r = R, indicating an infinite vorticity spike.
3.3 1-D time-dependent simulation and linear in-
stability analysis
The axisymmetric and inviscid solution which we derive analytically is unstable to
any azimuthal perturbation since the basic azimuthal velocity has a finite jump at
R where the AMS solution and the TE solution meet. To understand the solution's
stability properties, we run a time-dependent model and analyze the linear evolution
of normal modes with various choices of viscosity coefficient.
With the parameter chosen as before with r = 8.64, b = 0.2, and <De = 1.5625,
we run the time-dependent model (Eq. 3.1, 3.2, and 3.3) with the viscosity v = 0,
4 x 10-, 4 x 10-4, and 4 x 10-3, respectively. The total domain is three times larger
than R, the edge of the axisymmetric circulation, and is verified to be sufficiently large
for all the model runs. The model is discretized using a staggered C-grid scheme with
a grid distance of 0.03LR. A semi-implicit scheme with a time-step of 0.036f- 1 is
used to integrate the model forward in time. The geopotential gradient and velocities
are set to zero at the boundary, r = 0, where the maximum of the forcing sits. The
geopotential perturbation and the velocities are set to zero at the other boundary,
r = 3R, which is far from the response. Each case is run for 864f- 1 time units. The
output of the inviscid run is plotted every 43.2f- 1 time units as shown in Figure 3-
3. The solution is quite consistent with the steady analytical solution. As time
progresses, the azimuthal velocity becomes linear with the radius and the velocity
front becomes steeper. The zero absolute vorticity profile reflects the property of
angular momentum conservation and its steep slopes in time reflects the abrupt drop
of azimuthal velocity. A numerical problem starts to occur near the end of time
integration when the front becomes too narrow to resolve numerically. The last two
lines of radial velocities are probably spurious since it grows too large.
With the inclusion of viscosity, we expect that the vorticity spikes from the inviscid
run will be smoothed. The left panel of Figure 3-4 shows the corresponding absolute
vorticity when the viscosity is added in the equations with the magnitude of 0, 4 x 10-5,
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Figure 3-3: The 1-D time-dependent inviscid solution with T= 8.64, b = 0.2, and
D = 1.5625. From the top panel to the bottom panel, the azimuthal velocities, the
geopotentials, the radial velocities and the absolute vorticities are displayed. Each
panel contains 20 lines and each line represents a snapshot of the model output. As
time moves forward, the lines move from the left to the right, or from the bottom to
the top
forward, the zero absolute vorticity advances further away from the origin, the peak
vorticity increases, and the slope of the vorticity becomes steeper. The solution looks
like ZAV for v < 4 x 10', but not for 4 x 10- in which case the character of angular
momentum conservation is lost.
To further understand the character of each flow, we calculate the normal modes
of each flow. We analyze the linear instability of the basic states taken from the
snapshot of the 1-D simulation. By assuming that all the perturbation variables have
the form of exp(im(0-Qt)) where m is the azimuthal wave number, 0 is the azimuthal
angle and Q (= Q, + iQ) is the complex angular velocity, and substituting them into
the linearized perturbation equations, we can arrange the equations into a matrix
form as follows:
-2V f imu ul
- :7-2I
where (V, 1) are instantaneous basic states from the 1-D axisymmetric time-dependent
simulation. Variables with a hat are perturbation amplitudes, and the other notations
are standard. The above equation is solved as an eigenvalue problem by discretizing
every variable at the grid points of the one-dimensional model.
The right panel of Figure 3-4 shows the corresponding scaled growth rate, (mRs/fo),
of the normal modes with respect to the basic state shown in the left panel. Wave
number 2 becomes unstable first. Higher modes become unstable as the width of
the jet becomes narrower. For v < 4 x10 5 , the growth rate ranges from 0.1 f, to
fo, which would allow waves to grow significantly in the 2-D simulation over a time
scale of several f,-s (the inviscid case in the 2-D simulation is shown in Section 3.4).
Clearly, the basic state with a viscosity coefficient of 4 x 10- is completely stabilized
but its inviscid character is lost. Therefore, we are left with the choice of the third case
with v = 4 x 10- for the asymmetric study. Its basic state is only weakly unstable
to wave number 2 perturbations whose weak growth rate as will be shown below will
not seriously alter the axisymmetric basic state before nonlinear saturation prevents
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Figure 3-4: The Left panels (a)(b)(c)(d): the time evolution of the absolute vorticity
from the output of the 1-D time-dependent axisymmetric model with the viscosity
coefficent v = 0, 4 x 10-5,4 x 10-4 and 4 x 10-3 from the top to the bottom. Each
panel contains 20 lines and each line represent a snapshot from the model. As time
moves forward, the lines moves from the left to the right. Notice the scales for (a)(b)
are different from (c)(d). The right panels (e)(f)(g)(h):the growth rate scaled by f,
(f ) for the discretized azimuthal wave number, m, from 1 to 10. The corresponding
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ter, we will keep the same values of external variables with the viscosity coefficient
(v = 4 x 10-4) as the standard input while systematically varying the asymmetric
conditions, i.e., a uniform external flow or a beta effect.
3.4 2-D time-dependent model
A two-dimensional model in the Cartesian coordinates is run to test the linear insta-
bility calculation in Section 3.3. The model formulation is as follows:
au (4 + j(u2 + v2))
= v(1+) - + VV 2U
-= --u(1+() - + (~+v) v2,
aq4 _ - e(r) -
at T
with De(r) = (e exp - and r = X2 + y2
In general, the notation is the same as in Section3.3. The horizontal velocity is
denoted by V= (u, v) with u and v being the eastward and northward components
respectively. The relative vorticity is denoted by (. The forcing is imposed in the
center of the model domain. The physical domain has 200 x 200 grid points with
a grid point distance of 0.03LR and a time-step of 0.018f-'. The model has doubly
periodic boundary conditions. The numerical scheme is the same as was used for
the axisymmetric model. The same set of parameters used in the previous Section is
rerun in the 2-D model with (1) v = 0 (2) v = 4 x 10-4.
Figure 3-5 illustrates a cycle of vortex evolution in the contours of absolute vor-
ticity. Indeed, without viscosity, the vortex patch with zero absolute vorticity is soon
expanded outward from the forcing center and shielded by a narrow high vorticity
band. An asymmetry with azimuthal wave number m = 2 grows, and the vortex
soon breaks into two dipolar structures that move away from the forced area. The
same formation-breaking-leaving cycle will repeat so long as the forcing remains. We
have created a shielded vortex with a narrow high vorticity band surrounding a broad
negative vorticity patch to conserve the vorticity of the domain. Thus, the localized
forcing on the f-plane has created a basic state similar to that found by Flierl (1988)
for the m = 2 instability of a piecewise-constant shielded vorticity patch (see Figure
14 in that paper).
To investigate the role of asymmetric dynamical factors such as an imposed ex-
ternal flow and the presence of the beta effect, we avoid the complicating effects of
instability by employing a stabilizing Laplacian diffusivity coefficient of v = 4 x 10-
in both the momentum and height equations. From the linear calculation in the last
Section, a viscosity of such magnitude causes the basic state to be weakly unsta-
ble to the azimuthal wave number m = 2 mode but stable to all higher modes. In
the two-dimensional simulation, the elliptical mode (m = 2) indeed grows to a finite
amplitude. However, instead of breaking up, the vortex collapses into an extremely
stable coherent structure, a tripole (see Hopfinger and Heijst (1993) for a review of
vortices). Figure 3-6 shows the formation of a tripole from the shielded monopole
with the associated divergence and convergence fields. We can confirm the stability
of this structure by turning off the forcing and dissipation all together. The tripole,
one main anticyclone and its two cyclonic satellites, remains, steadily rotating in an
anticyclonic direction like a rigid body for a long period of time. This scenario is
similar to that found by Carton et. al. (1989) in a non-divergent barotropic sys-
tem where they found that when the vorticity gradient is within a certain range, a
shielded monopole can collapse into a tripole. The diffusivity in our model has only
lessened the vorticity gradient of the basic state; its direct effects on the growth rate
of the normal mode is negligible. The contribution of viscosity in the vorticity budget
calculations is small compared with the other terms (see the budget balance in Sec-
tion 4.4.5), thus, the assumption that the flow is inviscid holds even in the presence
of the viscosity.
Ooyama (1987) made an attempt to find barotropic instability in an f-plane shal-
low water model used to simulate the hurricane outflow layer. In his simulation,
barotropic instability was not found in all cases. Among all the differences between
his and our model, the lack of the mass sink term in his model contributes the reason
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Figure 3-5: The second breaking cycle in the 2-D model with T = 8.64, b = 0.2,
<be = 1.5625, and v = 0. The contours are absolute vorticity scaled by fo
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Figure 3-6: The shielded vortex collapses into a tripole with T = 8.64, b = 0.2, and
<De = 1.5625, and v = 4 x 10-4 in the 2-D model. The thick contours are absolute
vorticity scaled by f, with a maximum 1.328 in the satellites and a minimum 0 in
the center. The contour interval is 0.2. The solid thin lines are divergence with the
contour interval which is 50 times larger than the dashed thin lines representing the
convergence.
for not being able to generate barotropic instability. In our simulation, the forcing
is partly determined by the inner dynamics itself, in addition to the imposed mass
source. As a result, the mass would sink in a finite distance from the center in the
time scale of radiative cooling. The importance of this term, apart from conserving
the total mass of the layer, is to generate the necessary absolute vorticity extrema (the
narrow high vorticity band indicated above) required by the barotropic instability. If
the mass sink is turned off, the zero absolute vorticity is indefinitely advected outward
by the potential flow shown in Figure 3-7. This figure shows the 1-D time-dependent
model output using the parameters with T = 8.64, b = 0.2, and <De = 1.5625 but the
Newtonian cooling term as the mass sink is turned off. The response of the flow is
more global, rather than confined within r = 1 as in Figure 3-3. This is similar to
the study of Wu and Emanuel (1993) where they set up a zero PV patch advected
by a potential flow extending from the origin to infinity for their hurricane outflow
layer. The complication by a high vorticity band around the patch is absent in their
study. For a real hurricane outflow, the flow must sink within a finite distance from
the vortex center, and therefore, the inclusion of mass sink seems necessary for the
simulation to be realistic.
We take the tripole state and its divergent circulation to be the starting point
for investigating the influence of asymmetrical elements on the otherwise thermally-
driven circulation. The main properties of the basic state are stated below. The
Rossby number, R0 = j , is ~ -0.4, where Urn is the maximum swirling speed,
and Lmn is the radius at which the maximum speed is achieved. This magnitude for
the Rossby number is smaller by 10 % than that of an inviscid shielded vortex, which
has a Rossby number of -0.5 as constrained by the angular momentum conservation
for a particle originating from the origin. The eccentricity of the main anticyclone
is near 0.7. It rotates with its two cyclonic satellites as a solid body with a rate
of 0.1 f. The time-averaged symmetric geopotential profile is close to a Gaussian
distribution with L ~ 0.6, (scaling arguments give 0.5, see Chapter 4, Section 4.2)
and is approximately in gradient wind balance with the wind as estimated from the
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Figure 3-7: The 1-D time-dependent inviscid solution with T 8.64, b 0.2, and
<bF = 1.5625 but the Newtonian cooling term as the mass sink is turned off. From the
top panel to the bottom panel, the azimuthal velocities, the geopotentials, the radial
velocities and the absolute vorticities are displayed. Each panel contains 20 lines and
each line represents a snapshot of the model output. As time moves forward, the
lines move from the left to the right, or from the bottom to the top. Compare with
Figure 3-3
where A<-Am is the geopotential drop from the center to some radius, Lm. There is
strong divergence over the mass source area surrounded by an area of sinking with
the same size as the area of the vortex.
3.5 Summary of the chapter
From the study of the axisymmetric model, we learn several things:
" In an f-plane shallow water model, with an axisymmetric forcing in the form of
a mass source as a relaxation back to a reference profile, a steady state solution
similar to Held and Hou's solution can be derived. The vorticity distribution of
the solution consists of a shielded vortex in which a vortex sheet with the value
of positive infinity encloses a uniform patch of zero absolute vorticity. Within
the uniform patch of zero absolute vorticity, the divergence is non-zero.
" The analytical solution is unstable to any azimuthal perturbation. The insta-
bility of the shielded vortex can be weakened by the inclusion of viscosity. With
the inclusion of small viscosity, the growth of wave number 2 perturbation on
a shielded vortex does not lead to breaking of the vortex. Instead, the shielded
vortex collapses into a very stable coherent structure - a tripole.
" The tripole state and its divergent flow are chosen as the starting point for
investigating the influence of asymmetric elements such as a uniform flow, or a




In this chapter, we study the non-axisymmetric "thermally" driven circulations by
progressively perturbing the nearly-axisymmetric thermally driven circulation. We
begin with the tripole solution and its associated divergent circulation which was ob-
tained in the previous chapter. We perturb it with two kinds of asymmetric elements,
an imposed uniform flow and a beta effect. The general purpose of the study is to
understand how a thermally-driven circulation would change under the influence of
asymmetric elements. Specifically, we ask if the ZAV solution can be found, and what
lies beyond the ZAV solution. In Section 4.2, a scale analysis is conducted to derive
characteristic time and length scales such that can be used later to derive control
parameters and to confine the range of the external parameters to meet the required
balances in the mass and divergence equations. In Section 4.3, the results from a set
of experiments with an imposed uniform flow in the 2-D model are presented. The
results from another set of experiments with a beta effect imposed in the 2-D model
are presented in Section 4.4. These experiments are supplemented with a set of free
vortex experiments to help understand the forced problem on a 3 plane. Section 4.5
summarizes the chapter.
4.2 Scale analysis
In this chapter, one of our interests is to explore the parameter range where a steady,
nearly inviscid and non-axis ymmetric circulation can be established by perturbing
the known axisymmetric circulation. Presumably, the qualitative dynamic properties
remain unchanged near the point of exact axisymmetry, so we can use the known
dynamical balances of the axisymmetric circulation to derive a characteristic length
scale and a time scale in terms of external parameters. By scaling the equations,
we obtain the control parameters as a combination of external parameters. This
provides a preliminary understanding of the system and eliminates the need to vary
every external variable.
In a range of parameters close to the axisymmetric case, the following dynamical
balances hold:
e The imposed mass flux largely creates a local divergence of intensity, V- V-
Ddi,, and the linear Newtonian damping term causes air to converge Deon out-
side the mass source area:
Ddiv Tco
T T
* The mass flux out of the forcing region with area - 2 is balanced by the mass
sink within a region of area, L2
Ddib 2 - Dcan L 2
* The nonlinear balance equation holds from the divergence equation, and can
be written as: V2 (0+ !(VO)2) = V - (VO(1 + V 2 0)). The nonlinearity is
important such that - V 2 0b 1, (or Vp ~ L). Substituting the latter
condition to the nonlinear balance equation, this yields:
# L2.
We take the width of the convergent region, L, as the characteristic length scale and
the time for a particle crossing the region as the characteristic time scale ( D-j). By
manipulating the above approximations, expressions for the characteristic length and
time scales can be written in terms of external parameters as follows
L ~ Gel/4 b/2 ,
T eD-1 ~ 4e-1/2 b- 1 7.
A complete scale analysis for the divergence and mass equations is shown in Appendix
A. As can be seen from the scaled equations A.1 and A.4, for the above balances to
hold, there are three requirements to be met. First, a strong localized mass source
to generate a broad mass-sink area is required, i.e. D > 1. Second, the Froude
number, L2 = L, which is also the ratio between the radiative time scale and the1 
-LR'
characteristic time scale, i.e. L 2 = 7 < 1, is required to be small. The purpose is
to ensure that the "diabatic" cooling term is balanced by the convergence term, and
both are more important than the advection terms in the mass equation. Third, for
the nonlinear balance equation to be valid, the rotational energy should contribute
most of the kinetic energy, i.e. ux L « Ve = L. These requirements lead to the
three inequalities as follows:
Ddio D 2
Dxn
T >>r * e < -2
and
T > 1. = e < b-2 2
In all the numerical simulation we use external parameters that satisfy the above
inequalities. Note that the ratio, e = f*, between the forcing amplitude and the
basic geopotential, has an upper bound, b-2, and a lower bound, b2 .
4.3 External uniform flow experiments
4.3.1 The model
We impose an external uniform flow in our 2-D model and keep the same forcing profile
as in the axisymmetric model. In Cartesian coordinates, the governing equations
scaled by f0, LR and 4b become:
au 0(0 +(U2 + V2))
= v(1+() - 2  v + VV2
at ax
on 8(+ _j(u2 + V2))
at u(1+() - 2+ Um + VV2V
a4 
- D G(r) - +4 V2
=a - V -V4 (1 + 4)V- V + + V7
with 4e(r) = (e exp - (r)2]
and r = x2 + y 2.
The notation is the same as in the Section3.4 except that a momentum forcing, Umn,
is added in the v-momentum equation. A uniform but not geostrophic flow, u = Um,
is a solution of the system when the thermal forcing is absent. The system describes
the effects of thermal forcing which moves with a speed of Um. This arrangement
avoids creating a background PV gradient due to the geopotential distribution of
a geostrophic basic flow, and therefore allow us to clearly distinguish the advective
effects of the imposed flow from the radiative effects of the background PV gradi-
ents. The physical domain has 200 x 200 grid points with a grid point distance of
0.03LR and a time-step of 0.018f- 1 . The model domain has doubly periodic bound-
ary conditions. The numerical scheme is the same as was used for the axisymmetric
model.
4.3.2 The non-dimensional vorticity equation for the uniform
flow experiments
The only governing equation is the vorticity equation, because Section 4.2 requires
that the divergence and geopotential equations be diagnostic. We rescale the vorticity
equation with the following scales to obtain its non-dimensional version.
e The characteristic divergent velocity is | Vx= L/T = e/b3/ 1.
0 The rotational wind, I VV 1, scales as L, which is larger than the characteristic
divergent wind. However, I VO .V(| ~ I .V(j because of the small angle
between the rotational wind and the vorticity field.
From the two assumptions above we can obtain the non-dimensional vorticity
equation as follows:
8(a a- 2(
+ J (/, (V(a + pm -+( -Vx +KV2(a,
at +o 0 a x (V
where
PM = (b2 4e)- 3 4 UM rn,ux
Dd,, 
_ 0 1/ 2 b-' r K b
= on e
1 r> b
In the above equation, the absolute vorticity is denoted by (a, the divergent wind is
denoted by Vjx, @ is the streamfunction of the rotational wind and r is the radial
distance from the origin. A first examination of the inviscid case, r, = 0, seems
to indicate that there are two control variables, pm and y. However, increasing y
will only increase the strength of the divergence within the nearly point-source area
(r < b), and the stronger divergence will only shorten the time-scale to drive the
absolute vorticity to its zero limit at which point, the forcing shuts off. This should
be contrasted the quasi-geostrophic system in which divergence can drive the absolute
vorticity to a negative value indefinitely. Therefore, the vortex generation term within
the region of the mass source, r2 < b2, will remain small and can be assumed to be
independent of 7. With the assumption that the forcing is strong enough to drive the
absolute vorticity to a value near zero within the region, r 2 < b2, trm is left as the
only control parameter affecting the dynamics.
Run No. 1 2 3 4 5 6 7 8 9 10 11
Pm 0.00 0.27 0.55 0.82 1.10 1.38 1.65 1.93 2.21 2.48 2.76
Table 4.1: Uniform flow experiments: 0e = 1.5625, b = 0.2, r = 8.64, v = 4.0 x 10-4
- = 6.25, r = 0.055.
4.3.3 Results and discussion
The runs
We use the tripole obtained in Chapter 3 as a starting point for the non-axisymmetric
study. In this set of experiments, the velocity of the uniform flow imposed in the model
is increased progressively by small increments. The runs are summarized in Table 4.1.
Each run takes the final state from the previous run as its initial condition and runs
for a duration (much longer than adjustment time for each experiment) long enough
for us to judge if a localized "steady-state" circulation can be established. We find
that the flow takes the form of a persistent, localized circulation or a more global,
unsteady circulation depending on whether or not the parameter Pm exceeds some
critical value ymc where 1.38 < pmc < 1.65. The parameter, pm, can be thought of as
the ratio of the relative strength of the asymmetric element, in this case the magnitude
of the uniform flow, to the strength of the imposed axisymmetric forcing. We will
refer to the cases with y < P-mc as "subcritical" and to cases y > pmc "supercritical".
To consolidate the arguments for the choice of the control parameters based on scale
analysis, we conduct some sensitivity experiments in Section 4.3.4 by varying one
other variable, the forcing magnitude, -0, around the critical value.
Description
In this series of experiments, there are two distinct forced flow responses separated
by the critical value, pmc. Two examples are illustrated on each side of the critical
value. Figure 4-1 shows a wobbling cycle for a subcritical case with Pm = 0.55.
The vortex center in this case is displaced downstream from the forcing and the
vorticity distribution is distorted from the nearly axisymmetric distribution of the
tripole. However, the wobbling character remains and a localized circulation persists.
Figure 4-2 shows an eddy shedding cycle for a supercritical case with ym = 1.93. It
shows a low-vorticity strip is pulled out of the forcing center and rolls up. The cut-
off anticyclone is further advected downstream and dissipated. The shedding event
repeats itself. The same roll-up behavior is also observed in some parameter range
in the setup of Wu and Emanuel (1993) where a patch of zero PV is expanding by a
fixed potential flow (mass source only) and in the mean time is advected downstream
by a vertical shear (see Figure 10 of that paper).
The external flow destroys the balance of the tripole by displacing its geopotential
center downstream. This displacement causes a flow to cross the forcing area, and
to bring higher vorticity into the forcing area which balances the lower vorticity
created by the generation term. The geopotential center, being displaced from the
forcing center, is the region of maximum dissipation and consequently of maximum
convergence. The creation of vorticity by the convergence downstream is balanced by
the advection of higher vorticity brought in by rotational wind for the cases of small
Pm, or by the total wind as the external flow advection becomes more important
for the cases of increasing pm. Near the downstream rim of the vortex where the
"diabatic" effect , -<5/r, does not destroy the vortex significantly, the total flow is
almost parallel to the vorticity contours so advection is weak. The above balances
apply to the subcritical cases in which the time tendency term is small.
As pm increases, the distribution of the vorticity evolves further away from its
original nearly circular pattern. The circular vortex evolves to a doughnut shape (the
vortex center has a higher vorticity than the surrounding ring, e.g. P.m = 0.55 in
Figure 4-1), then to a comma shape (e.g. pm > 1.38 in Figure 4-3). Regardless of
the shape, there is always a low-vorticity tongue protruding from the forcing area
surrounded by a high vorticity ring or strip. When the strip is long enough in the
zonal direction, the vorticity strip becomes unstable and rolls up in to a small vortex
which soon cuts itself from the mother vortex and is advected downstream.
Figure 4-3 shows the time-mean absolute vorticity and the time-mean total wind
field for pam =0., 0.55, 1.38 and 2.48. For the three cases with pm > 0, the absolute
vorticity contours intersect the total wind vector with a greater angle near the inner
patch of the vortex, an indication of a net non-zero advection to be balanced by the
generation term. This should be contrasted with the pm = 0 case where the nearly
circular winds coincide with the absolute vorticity contours. Near the outer rim or
tail where there is a strong absolute vorticity gradient, the total wind field aligns well
with the absolute vorticity contour, indicating a weak advection resulting from the
cancelation of the external wind and the rotational wind field. For Pm = 2.48 , the
time-mean wind crosses the absolute vorticity contours even in the tail region, an
indication of a net non-zero advection balanced by the transient eddies.
From the series of the experiments, we found that the critical value of the control
parameter (Pmc) separating the subcritical and supercritical cases is between 1.38
and 1.65. The inference from the number is that for a persistent localized non-
axisymmetric circulation to exist under an external uniform flow, the magnitude
of the external flow cannot be much larger than that of the forced divergent flow.
Otherwise, when ym > pmc , the PV distribution becomes largely zonally-oriented;
thus, its induced return flow against the external flow is not strong enough to save
the material being advected downstream.
Discussion of the integral constraints-zero absolute vorticity
As discussed in Chapter 2, for the case of steady inviscid flow, the relationship between
the divergent flow and the rotational flow is constrained by the circulation equation,
which in this case reduces to
VaJdA=0.
It indicates two possibilities: for areas enclosed by absolute vorticity contours, either
the area has a net divergence- which constrains the absolute vorticity to be zero, or
the absolute vorticity is nonzero- which constrains the integrated divergence to be
zero.
In accordance with the integral constraint, our 2-D simulation of the axisymmetric
case shows a patch of zero absolute vorticity in an area over which the imposed forcing



























































Figure 4-1: The phases of one wobbling cycle (t = 1) at t = 0, t = 0.25, t = 0.4,
and t = 0.6 for pim = 0.55. The color contours are the absolute vorticity with an
interval of 0.025f,. The blue color indicates high absolute vorticity and the red color
indicates low absolute vorticity. The inner black circle marks the size of the imposed
axisymmetric mass source and the outer circle marks the limit of the corresponding



























































Figure 4-2: The phases of one shedding cycle (t =1) at t =0.25, t =0.5, t =0.75
and t = 1.0 for pm = 1.93. The color contours are the absolute vorticity with an
interval of 0.025f,. The blue color indicates high absolute vorticity and the red color
indicates low absolute vorticity. The inner black circle marks the size of the imposed
axisymmetric mass source and the outer circle marks the limit of the corresponding
axisymmetric divergent circulation if there were no uniform flow imposed.
Figure 4-3: The time-mean absolute vorticity and wind field for pm = 0, pm = 0.55,
Pm = 1.38, and Mm = 2.48. The contours indicated the absolute vorticity with the
interval 0.1f,. The value at 0.5 f, is emphasized with a thick contour. The center of
the imposed forcing is marked by a cross, "X". The magnitudes of the wind should
be multiplied by 1/50 to be scaled by the speed of the gravity waves.
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viscosity is small enough for the inviscid assumption to be a good one.
The inclusion of an asymmetric element, however, destroys the patch of zero ab-
solute vorticity for most of the subcritical cases, which suggests that the divergence
should integrate to zero over areas bounded by contours of absolute vorticity if the
integral constraint is to hold. Figure 4-4 shows the time mean divergence and the
absolute vorticity contours for all the runs. As seen from the figure, the contours of
absolute vorticity do cross both areas of divergence and convergence. A quantitative
computation however shows a positive net integrated divergence which gradually de-
creases with increasing values of enclosed contours of absolute vorticity. Apparently,
the model results fail to satisfy either constraint because of the violation of the steady
assumption. The model results are never truly steady for the subcritical cases because
most of them inherited the wobbling character of the tripole which is not averaged
out in the time-mean field because the chosen period to average is not an integral
wobbling period of the vortex. In addition to that, the feeding of high vorticity to
the forcing area and the low vorticity to the area outside the forcing presents an
oscillating character in time in response of the vortex stretching term. However, we
can show the relative steadiness of the runs by calculating the transient vorticity flux
out of a closed contour of time-mean absolute vorticity. Figure 4-5 shows the low
vorticity flux out of the time-averaged absolute vorticity contours at (" =0.75, 0.6
and 0.5. It shows that when the parameter is in the subcritical range, the transport
is small (from the wobbling character) or zero, and once the parameter exceeds the
critical value, the transport increase linearly with the parameter.
Vortex stretching in response to the imposed divergence causes fluid columns to
tend toward zero absolute vorticity and subsequently the material circuit of ZAV
expands outwards, in the mean time, the asymmetric element enters the dynamics by
interfering the process. Within a small range where ptm < Pmc, we can interpret the
local persistent circulations for the subcritical cases as an approximate state of ZAV.
Besides, we found no evidence in the simulation for any tendency of the absolute
vorticity contours to settle in an area which enclose an equal amount of mass source
and sink that the other constraint other than zero absolute vorticity suggests.
Figure 4-4: The time-mean absolute vorticity and the divergence fields for Pm = 0.27,
pm = 0.55, pm = 1.10, pm = 1.38, pn = 1.93, and pm 2.43. The thick contours
indicate absolute vorticity with a contour interval 0.25 f0. The thin solid contours
indicate divergence and the thin dashed contours indicate convergence. The former
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Figure 4-5: The normalized-by-area divergence of transient vorticity flux (v'(') over
an area enclosed by a constant time-mean absolute vorticity at 0.5 (dashed-dot line),
0.6(dashed line), and 0.75 (solid lines). The abscissa is the the control parameter Pm
and the ordinate is the vorticity transport in dimensional unit s-2. The nondimen-
sional value can be obtained by multiplying a factor of (4. x 10").
4.3.4 Sensitivity experiments
For the uniform flow experiment, another series of experiments is conducted by vary-
ing the forcing amplitude while fixing the other external parameters. The external
uniform flow is held constant with the parameter, pm, ranging from 2.0 to 0.7 by
varying the forcing amplitude. The flow shows a transition from a persistent localized
flow to an eddy-shedding global-scale flow when pm ~ 1.4 with viscosity parameter
K (= (Oeb2 )-irV), held fixed at the same value as in the standard runs. The results
also confirm that the parameter, -y (see the definition in Section 4.3.2), which varies
with the forcing amplitude within the area, b2 , has no influence in the dynamics as
assumed in the scale analysis in Section 4.3.2.
4.4 Mid-latitude # plane experiments
4.4.1 The model
A beta effect is added into our 2-D model and the uniform flow is eliminated. In
Cartesian coordinates, the governing equations also scaled by f0 , LR and 4o become:
au v( + (u2 + v2 ))
=t V(1 + Oy+() -1 2a + V72Uat ax
av 0(4+I(U2+V2)
= -u(1 + y+() - y+ vV 2v,at y
84 
__3 - Ge(r) - 4 / 2
=a - V -V 1+ 4)v- V + 7 v2
with 0,e(r) = 4e exp -(r)2
and r = VX2 + y2.
The notation is the same as in Section 4.3.1. The planetary vorticity is denoted by
= 3*LR. The northern and southern boundary conditions are replaced by two rigidfo
walls, each with a sponge layer. The sponge layer has a 0.432f- 1 damping time scale
and a 3-grid point e-folding scale from the wall. The domain has 151 x 151 grid points
with a grid-point distance of 0.04LR; the time interval for integration is 0.012f- 1 . By
changing the resolutions of a few runs we confirm that the model domain in either
series of experiments is sufficiently large that the boundary conditions do not affect
the response.
4.4.2 The non-dimensional vorticity equation for / -plane ex-
periments
With the same assumptions as those listed in Section 4.3.2, we can derive a non-
dimensional vorticity equation which includes the beta effect:
+ J(4, (+ V -V( + pave + qvx = -7(( + 1 + qy)V- Vx +KV2 ,8t
where
_ /L 2
pp)3 - = Qeb2= -1,4b
ux
Dda. = Qi1/2 b-1 r < bDcon e
1 r > b
q = /1L = (Qeb 2) 1 / 40.
There are three non-dimensional parameters in the equation: po , y, and q. The
/ effect appears in three places: in the differential rotation felt by the rotational
wind, and in that felt by the divergent wind, and as a background vorticity source to
provide vortex generation. The ratio of p,3 to q in the v term remains large if T >
1, that is, if the forcing is not strong enough to produce a meridional circulation in
time scale of f-1, we can ignore the differential rotation felt by the divergent wind.
This condition is the third inequality discussed in Section 4.2, which is automatically
satisfied when the nonlinear balance equation holds. Furthermore, if we restrict the
study to the mid-latitude beta plane, i.e., q < 1., the only parameter remaining in the
equation is po. In this chapter, the value of "q" is kept small for all the experiments.
In Chapter 5, some experiments with a finite q in which an "equator" is within the
reach of the forced perturbation will be examined separately.
Run No. 1 2 3 4 5
PO 0.09 0.43 0.65 0.86 2.16 4.32
q 0.0025 0.0125 0.01875 0.025 0.0625 0.13
Table 4.2: midlatitude 3 effect experiments: <be = 1.5625, b = 0.2, T = 8.64, V =
4.0 x 10-4, y = 6.5, r, = 0.055.
4.4.3 Results and discussions
The runs
This set of experiments starts with perturbing the tripole with a small beta and
increasing the strength of beta progressively. The runs are summarized in Table 4.2.
Each run takes the final state from the previous run as its initial condition and is
integrated for a period of time (normally 500-1000 model days) long enough (much
longer than the adjustment time) for us to judge if a localized "steady-state" circula-
tion can be established. We find that the flow takes the form of a persistent, localized
circulation or a more global, unsteady circulation depending on whether or not the
parameter po exceeds some critical value noted as poc where 0.86 < p,3 < 2.16. The
parameter p,3 can be thought as the ratio of the relative strength of the asymmetric
element (proved to be the free drift speed of the corresponding axisymmetric vortex
on the beta plane , see the details in Section 4.4.4), to the strength of the imposed
axisymmetric forcing. We refer to the cases with p < pye as "subcritical" and to cases
, > pOc "supercritical". To consolidate the arguments for the choice of the control
parameters based on scale analysis, we combine very different external parameters
from those of the standard runs to be discussed in Section 4.4.6.
The immediate effect of adding a beta effect is to move the vortex center to
the southwest of the forcing center. This movement causes the flow to cross the
forcing area to advect high vorticity into this forcing. The source term responds by
generating low vorticity. Outside the mass source area, vortex stretching balances
advecting by the rotational flow. Advection by the divergent flow is important only
near the imposed mass source. The above balance applies to the subcritical cases
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with pp < 0.86. The vorticity budget is thus similar to those of the subcritical cases
in the uniform flow experiments. For these cases, the circulations are confined to a
localized area and inherit the wobbling character of the tripole. Figure 4-7 shows a
wobbling example for the case with p3 = 0.43.
For larger p3, the vortex pattern shifts further southwestward from the previous
balanced position, and the convergence is enhanced. As a consequence, the original
circular vortex is largely destroyed by vortex stretching and left with a thin low-
vorticity strip drawn out of the forcing area as well as with a high vorticity strip to
its right. Both strips are unstable and roll up at their tips into a pair of vortices which
is soon shed westward and disappear gradually. The shedding cycle then repeats itself
and Figure 4-6 shows one shedding cycle for the case with po = 4.3. Figure 4-6 shows
that the anticyclonic eddy decays quickly when it self-propagates westward. As a
result, the jet to the south of the anticyclonic eddy is weakened, and consequently so
is the cyclonic eddy equatorward of the jet. In addition, the cyclonic eddy is further
weakened by the low-vorticity fluid entrained.
As previously mentioned the critical value, p&, separating the two distinct types
of flow behavior is between 0.86 and 2.16. Figure 4-8 shows a panel with six cases,
each showing the time-mean absolute vorticity and convergence for different values
of po. Notice that when p3 > p,3, the convergence zone is greatly elongated in
the zonal direction as a result of the repeated passing of anticyclonic eddies. The
resulting scale is much larger than the size of the corresponding axisymmetric case,
thus "global-scale" will be used later to refer its size. A detailed vorticity balance will
be analyzed in Section 4.4.5 to illustrate the role of transient eddies in maintaining
the time mean circulation and how their role can be replaced in a linear model with
a linear damping term.
As defined previously, p,3 is the ratio between a speed C = 3L2 and the magnitude
of the divergent flow, ux, where L is the characteristic length of the corresponding
axisymmetric case. The control parameter remains physically unclear without an ex-
planation for the speed C. One intuitive speculation would be that C is equal to the
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Figure 4-6: The phases of a shedding cycle (t = 1) at t = 0, t = 0.25, t = 0.5 and
t = 0.75 for ppf = 4.32. The color contours indicate absolute vorticity with a contour
interval 0.025 f0. The line contours are geopotential with a contour of 10 m 2 s-
The vectors are wind fields. The former should be multiplied by a factor of 1/2500,
and the latter should be multiplied by a factor of 1/50 to obtain the non-dimensional
values.
t=0.40
Figure 4-7: The phases of a wobbling cycle (t = 1) at t = 0.2, t = 0.4,
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Figure 4-8: Time-mean absolute vorticity and the divergence fields for PO = 0.09,
po = 0.43, po = 0.65, p = 0.86, po = 2.16, and po = 4.32. The thick contours
indicate absolute vorticity with a contour interval 0.25 f,. The thin solid contours
indicate divergence and the thin dashed contours indicate convergence. The former
has a contour interval 50 times larger than the latter.
case, the linear dispersion of Rossby waves could cause the phase to move predomi-
nately westward and a little north-southward depending on its shape and orientation
(Flierl 1977). With finite amplitudes, nonlinear advection of the vortex center be-
comes important (Fiorino and Elsberry 1989; Sutyrin and Flierl 1994). Notice that
the ratio of advection to wave dispersion, E, is large in our experiments; it varies
from 166 to 4 given that the estimated U is 0.2 and L is 0.5. Therefore, nonlinearity
is probably important to vortex motion. To link C = ,3L2 to the drift speed of the
free vortex, we have conducted a series of free-vortex experiments for a single vortex
drifting on different beta planes.
4.4.4 Free vortex experiments
For each value of to, we conducted three sets of free vortex experiments by turning
off the forcing and dissipation in the model. EXP1 starts with the tripole state in
the fully nonlinear model. EXP2 uses the same initial condition as that in EXPi but
the model is linearized. EXP3 tests the sensitivity of the drifting speed to the initial
vortex structure by taking the same initial condition as that in each corresponding
forced run in the nonlinear model.
For EXP1, the vortices drift southwestward at a quite uniform speed till they are
close to the boundary. Figure 4-9 shows the corresponding trajectories of the vortex
center for each beta during (T ~ )e-1/2 b-1 fo-1 For the first four cases, the
vortex remained intact during the entire drifting course (t ~ 4T), an indication of
the importance of nonlinearity. The drift speed is averaged over the divergent time
scale of the forced circulation (T ~4 e-1/2 b-1 fo-1 or) during which, if it were
present, the forcing would have an effect on the drift of the vortex. This time scale
is much shorter than the time scale over which the boundary conditions could have
an effect on the drift speed. Figure 4-10 shows the westward, C., and southward
components, C,, of the speed from EXPi and EXP2. The measurements from EXPI
indicate that the vortex drift speed is linearly proportional to 3, (the uniform PV
background), and its westward drifting speed (C,) coincides well with ,3L 2 (the dashed
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Figure 4-9: Trajectories of the free vortex for each 3 increasing from left to right and
from top to bottom for EXPi. The initial positions start at the origin and are plotted
every ' T denoted by circles for a period T ~ <e-1/2 b- 1 fo- 1 <bor. The dashed line
is y = 2x.
vortex is the ratio between the westward component of the free vortex drift speed and
the magnitude of the divergent flow. In that case, the divergent flow to the east of
the vortex center generates a negative vorticity tendency near the forcing region and
generates a positive vorticity tendency for the rest of the area of the vortex. This is
quite out of phase with the vorticity generation by advection of planetary vorticity,
which generates a positive vorticity tendency to the east of the vortex and a negative
vorticity tendency to the west of the vortex.
EXP2 shows that the linear dispersion contributes half of the total westward speed
and does not contribute to the southward speed (Figure 4-10). The linear results
agree with the work done by Flierl (1977) in which for a small quasi-geostrophic ring
0 -40 -20 0
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Figure 4-10: The westward and southward drifting speeds of the tripole on the cor-
responding beta plane of the forced experiments in a nonlinear model(EXP1) and
a linear (EXP2) model. Results from EXPi are plotted in solid lines in which the
smaller value is the southward speed. Results from EXP2 are plotted in dashed-dot
lines where the southward speeds are all nearly zero. The dashed line denotes /L 2
The abscissa is the dimensional beta value which can be multiplied by 5 x 10" to
obtain the non-dimensional value. The ordinate is the drifting speed in ms- 1 which
can be multiply by a factor of 1/50 to be scaled by the speed of the gravity waves.
the east-west pattern speed is -W3L 2. The nonlinear advection to the vortex center
contributes equally to both westward and southward speeds by .10L2;this suggests
that the dipole, (the 3 gyre), aligns itself northeast-southwest during the drifting
course. The drifting speeds are not sensitive to the initial conditions in EXP3 except
for the last two 3 values. This indicates that for the last two f values, the circulation
is seriously weakened and damaged in structure by the forcing, so that their use as an
initial condition for the free vortex experiments has affected their capability to drift.
4.4.5 Role of transients
In the diagnostic study of a GCM simulation of the summer monsoon, Sardeshmukh
and Held (1984) showed that transients are an important aspect of the global-scale
circulation. Our simulation shows that it is the material expelled from the forcing area
by the shedding eddies that sends the signal to the far field to establish a time-mean
global-scale circulation. Our studies suggests that the physical quantity to examine
is the relative strength of the asymmetric elements and divergent flow associated
the "thermal" forcing. The effects of transients, ignored in a linear model, can be
represented by adding a linear damping term. In this section, we shall quantify all
the terms in the vorticity balance from one of the supercritical cases, and compare
them to those of a circulation in which the transients are regarded as an external
forcing and parameterized by a linear damping term.
Figure 4-11 shows the time-mean distribution of wind, absolute vorticity and
geopotential for the case pa = 4.32, computed from the daily output of the last 100
days of the model run. The geopotential center of the anticyclone is located to the
southwest of the forcing center with a westerly jet to the north and an easterly jet to
the south. There is a patch of low vorticity near the forcing center and the vorticity
extremum is approximately -0.5 f0. Each of the terms in the dimensional vorticity
equation,
i s.ontoured(g-#v + 41 + f) V -V d+ VV t,
is contoured in Figure 4-12. The transient eddies are nearly non-divergent, so we
can write the transient term in its divergent form and ignore the transient stretching
term. From the calculations, the time-mean advection term dominates even after it is
partly canceled in some area by the term due to the transients. The stretching term
is mostly balanced by the time-mean advection term from the forcing area extending
westward to the vicinity of the maximum convergence. To the east of the forcing,
the planetary vorticity advection is balanced by the time-mean advection term. To
the west of the convergence maximum, Sverdrup balance nearly holds because the
nonlinear terms tend to cancel each other. Sardeshmukh and Held (1984) calculated
the vorticity budget of the Tibetan anticyclone at 200mb from the output of the
GFDL GCM. They concluded that the balance is nonlinear and inviscid, the time-
mean advection and the stretching term near the vicinity of the Tibetan anticyclone
cancel each other, and that the total of the terms due to transients is not negligible
in some area. Those conclusions are consistent with our results. On the other hand,
their distribution of transients has a less-ordered pattern compared with our results
and they did not find the advection of planetary vorticity to be important.
From Figure 4-12, we see that the magnitude of the transient term is not negligible.
If one replaces this term with a linear damping term (-q) , one can compute the
coefficient (TI) as follows:
f fs(V - (V'(') dA
f fs 2 dA
where S is either the area of the whole model domain or the area of a band where the
transients have passed. The latter choice yields a larger ?7 but not significantly so. We
obtain a positive number, I-1 = 129f, 1 which indicates that the overall transients
act to dissipate the vorticity. The last panel of Figure 4-12 shows the distribution of
time-mean relative vorticity multiplied by q, --3 xy. As seen from the picture, the
structure of the transient term has a finer structure than the vorticity distribution.
However, the three high and low vorticity strips in the figure roughly resemble the
distributions of the transient term except for a phase shift.
'If we use this number to calculate the time scale for the Coriolis parameter at 30*N, it would
be ~ 20 day, weaker than one would like it to be (2 to 3 days). However, our simulation was not
aimed at simulating the real atmosphere
(a) p=4.32
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Figure 4-11: The time mean distributions for po = 4.32. The top panel plots the
absolute vorticity with a contour interval of O.1f 0, and 0.5f, emphasized by a thick
line. The lower panel plots the geopotential with an interval of 20 m 2 s- 2 which can
be scaled by dividing a factor of 2500 m 2 s- 2 , the basic geopotential. The wind field
can be multiplied by a factor of 1/50 to obtain its non-dimensional version.
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Figure 4-12: The vorticity balances for pp = 4.32 and a calculated linear damping
term. (a) the time-mean advection term (b) the transient term (c) the planetary
advection term (d) the vortex generation term (e) the diffusivity term (f) the time
tendency term (g) the residual term from the summation of (a)-(e). (h) the linear
damping term. The contour interval, 2 x 1013S-2, is the same for each panel. A
factor of 4 x 10" can be multiplied to obtain the non-dimensional value for Eq. 4.4.2
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We linearize the model and run the model with the same parameter setting from
the standard runs with po = 4.32. Figure 4-13 shows the final steady state. By
comparing with its fully nonlinear counterpart in Figure 4-11, the absolute vortic-
ity extremum in the linear model is nearly -2.5f 0, which is much stronger than the
extremum 0.4f, in the nonlinear run. The linear model generates a stronger circula-
tion (the wind maximum is three times stronger) because the vortex stretching term
can drive the absolute vorticity indefinitely until it is balanced by the beta term.
Outside the mass source, the flow is generally zonal except where the geopotential
anomaly(thermal cooling) can provide a stretching term to balance the beta term.
The solution is similar to the "beta plume" solution derived by Rhines (1977; 1983).
In a inviscid linear system, a very localized buoyancy source would drive a very zonal
flow along the PV contours because outside the source area there is no other term to
balance the beta effect unless an extra friction term can cause the flow to cross the
PV contours.
Next, we vary the magnitude of the mechanical damping (-7() term to study
how the flow responds to the damping coefficient. Indeed, when its magnitude falls
into the range between q, and 2T/,, the resultant solution is more reasonable in terms
of the strength of the circulation and the shape of absolute vorticity distribution.
Figure 4-14 shows the linear steady state with the linear damping coefficient, 77. The
shape of the high vorticity to the right of the forcing starts to look like that in the
nonlinear case, and the negative vorticity near the forcing center is weakened to the
extent that the induced circulation at the far field has a similar strength to that of
the nonlinear run. However, the local gradient of vorticity near the forcing remains
large compared to the more uniform gradient of the nonlinear case, and therefore, the
southerly jet to the right of the center remains too large.
We have demonstrated, by the above, how a time-mean global circulation can be
established by transients, and whose effect on the time-mean circulation can by and
large be replaced by a linear damping term with a coefficient which is on the order
of the magnitude of q obtained above.
(b)
Figure 4-13: The steady state for linear run with p = 4.32. The contour plots are
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Figure 4-14: The linear steady state with p, = 4.32 and the inclusion of a linear
damping term in the model with the coefficient rl,. Compare this figure with Figure 4-
11 and Figure 4-13.
4.4.6 Sensitivity experiments
For the beta plane experiments, a doubling of the parameter, po, would require an
increase of the forcing amplitude by a factor of 16, (po = (4Ieb 2 )-1/407), which could
exceed the bounds on the forcing amplitude that we discussed in section 4.2, i.e.
b2 < 4be < b-2 (for the parameters used here). Instead, we combined different
external parameters to test several pairs of experiments with po=0.8 and 2.16 which
are presumably near the critical value p&e ~ 0.86 on the mid-latitude beta plane
where q (= (Geb2)i/4/3)remains small. The results are consistent with those of the
standard experiments.
However, we found that a new lower bound of the forcing amplitude, -rob, larger
than b2 exists. If the forcing amplitude does not satisfy & > 3b, a weak circulation
is formed without any shedding even though the parameter exceeds the critical value.
The time-scale of the divergent flow in the forcing area, (D- 1 ), should be
much shorter than the time scale associated with the planetary vorticity, (0b)- 1 , so
that the absolute vorticity can be driven to a near zero value by the vortex stretching.
4.5 Summary of the chapter
In this chapter, two sets of experiments have been conducted to study the non-
axisymmetric circulation by perturbing the known axisymmetric circulation. The
first set of experiments, the uniform flow experiments, simply impose a uniform flow
to break the axisymmetry in a 2-D doubly periodic shallow water model. The second
set of experiments, midlatitude beta plane experiments, impose a beta effect in a 2-D
channel shallow water model. The control parameter for each set of experiments is
derived. For the uniform flow experiments, the control parameter denoted by P1 m is
the ratio between the uniform flow and the forced divergent flow, U/uk. The control
parameter denoted by po for the mid-latitude beta effect is the ratio between the free
drift speed of the corresponding axisymmetric vortex and the divergent flow, L2ux
The results of the model simulation can be summarized as follows:
e For the external uniform flow experiments, when the parameter Pm is smaller
than pmc, the flow is persistent and localized. The low vorticity generated
by the forcing is retained in a local circulation. The shape of the vorticity
is relatively circular and the first few cases inherit the wobbling character of
the nearly axisymmetric vortex, or more precisely the tripole. The solution is
qualitatively close to the inviscid steady state, i.e., the zero absolute vorticity.
When the parameter exceeds pmc, a long, unstable low vorticity strip develops.
As a result of the instability of the strip, transient eddies are shed downstream
in a periodic fashion and a more global circulation is established.
e For the midlatitude beta plane experiments, a similar result is obtained. The
critical value separating the localized persistent flow from the eddy-shedding
global-scale flow is between 0.86 and 2.16. Apart from the low-vorticity strip
shedding, an accompanying high vorticity strip to its east is also unstable and
detached from the mother vortex. The high vorticity strip, however, has a
smaller strength and is non-divergent.
* The effect of the transients as a dissipative agent on the time-mean flow is
confirmed. A corresponding linear forced model produces much stronger circu-
lation. A linear model with an inclusion of linear damping term weakens the
circulation and gives a more reasonable vorticity distribution, especially for the
high relative vorticity distribution to the right of the thermal forcing. Thereby






In the previous chapter we studied the non-axisymmetric circulations within the pa-
rameter range where q is small enough for there to be no "equator" in the
model domain. In this chapter, we choose the parameter range to include an equator
that can be reached by the forced perturbations (within 1 or 2 L from imposed forc-
ing). The purpose is to compare the dynamics with the previous beta effect runs since
an extra set of stationary trapped equatorial waves can be generated. Furthermore,
in the real atmosphere the sub-tropical heating in the northern summer is approxi-
mately 25-30 degrees away from the equator - a distance close enough to generate
equatorial waves. In theoretical studies, an equatorial beta plane is commonly used
to study the zonally asymmetric thermally driven circulations (Gill 1980; Lau and
Lim 1982). By allowing our model to reproduce the equatorial beta plane solution
we make the connection between our study and that of Gill (1980) (See chapter 2
for a discussion of Gill's study). Section 5.2 discusses each model run individually.
Section 5.3 provides the conclusions.
RunNo. 1 2 3 4 5
PO 2.16 2.16 0.8 17.28 172.8
q 0.25 0.52 0.38 0.5 5.0
Table 5.1: Equatorial beta effect experiments: p, ('Iieb2 )- 1 /4/T and q = (O,62114o.
The values for r, (e, b, and # are listed in the Appendix B
5.2 Equatorial beta plane experiments
5.2.1 The runs
The model is exactly the same as in Section 4.4.1. Five experiments are carried out
with po and q listed in Table 5.1 and the detailed choices for the individual external
variables are listed in Appendix B. Refer back to Section 4.4.2 for the non-dimensional
vorticity equation and the definition of the parameters, p3 and q.
We choose p13 equal to 0.8 and 2.16 - values which fall on each side of the critical
value, PO, identified in Section 4.4.3. We intend to see if the critical value found in
the mid-latitude beta plane experiments is still applicable to these cases. For the first
two runs, we keep p,3 fixed at 2.16 while the parameter, q, is varied so that we can
compare with Run No. 5 (see Table 4.2) of the midlatitude beta plane experiments.
The third run has p = 0.86 to compare with the Run no. 4 of the midlatitude beta
plane experiments.
The fourth and fifth runs are the extensions of the standard runs of Section 4.4.1,
in that we increase the value of beta while retaining the other parameters unchanged.
Each case starts from rest and runs for a sufficiently long time.
5.2.2 Results and discussion
When q is 0.25, the eddy shedding behavior still exists as in the mid-latitude -plane
experiment. Figure 5-1(a) shows a snapshot of the model output. The high and
low vorticity strips are both unstable and break up as a dipole pair and propagate
westward. The track of the dipole is westward and slightly northward on average.
The dipole becomes progressively more oriented in the east-west direction as time
progresses. Gradually it dissipates and become wave-like. Figure 5-2 shows a snapshot
of the model output for a midlatitude beta plane experiment, PO = 2.16, and q =
0.0625 for comparison.
For the case with pp = 2.16 and q = 0.52 shown in Figure 5-1(b), the low-vorticity
strip is advected westward from the forcing along with thin high vorticity strips on
both sides. In this case, instability only manifest itself in roll-up of the high vorticity
strip on the southern flank, but not for the low vorticity strip. The high vorticity
strip on the southern flank supports waves propagating westward which again induce
cross-equatorial flow. However, instability does not lead to detachment despite the
fact that the non-dimensional viscosity number is an order of magnitude less than
those used in the previous experiments
In addition to the flows associated with the PV structures, there is a zonal flow
observed to the east of the heating trapped near the equator in Figure 5-1(b). This
indicates that Kelvin waves, as described by Gill (1980), are excited in these exper-
iments. However, the trapped flow converges toward the direction where the mass
source is imposed, instead of leaving as the linear solution of Gill ((1980) would
suggest. This indicates that the Kelvin waves are excited by the resulting broad
"cooling" nearer the equator, rather than by the imposed "heating" . Figure 5-3
provides a picture of Gill's solution with the heating off the equator for comparison.
For the case with po = 0.8 and q = 0.38 shown in Figure 5-4, there is a clearly
defined local patch of low vorticity material near the state of ZAV with a high PV ring
wrapped around. On the southern flank, the high PV strip is not stable and has waves
growing to a finite amplitude and propagating westward. The passage of cyclones on
the high PV ring causes the entrainment of air across the "equator" from the south,
which mixes with the low PV material near the westernmost contour of geopotential
as seen in Figure 5-4. In this experiment, there is no leaking of low vorticity material
out of the circulation. In comparison with the previous two runs, the circulation
appears more localized and circular. For the equatorial beta plane experiments, there
is also a critical value between 0.8 and 2.16, similar to the midlatitude beta plane
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Figure 5-1: (a) A snapshot of the model output with pg = 2.16 and q=0.25. (b) A
snapshot of the model output with pg = 2.16 and q=0.52. The color contours show
the absolute vorticity in units of f0. The vectors are the total wind field where the
wind magnitude should be multiplied by a factor of 1/258 for the top panel and 1/167
for the bottom panel to obtain the non-dimensional value if scaled by the speed of the
gravity waves. The solid lines show contours of geopotential with the contour interval,
500 m 2 s-2 , which can be scaled by the basic geopotential with the value, 66795 m2 s~-2
for the top panel, and 28000 m 2 s-2 for the bottom panel. The inner black circle
indicates the size of the imposed mass source, b. The outer black circle indicates the
limit of the divergent axisymmetric circulation if there were no beta effect included
in the miodel. Only the central part of the computational domain between grid points
j=38 and j=114 is shown. Unless otherwise indicated, the plotted domain for each






















































Figure 5-2: A snapshot of the model output with pyo 2.16 and q=0.0625 (midlatitude
beta plane experiment). The color contours show the absolute vorticity in units of f,.
The vectors are the total wind field where the wind magnitude should be multiplied
by a factor of 1/50 if scaled by the speed of the gravity waves. The solid lines show
contours of geopotential with the contour interval, 20 m2s- 2 , which can be scaled by
the basic geopotential with the value, 2500 m 2 s- 2 . The inner black circle indicates
the size of the imposed mass source, b. The outer black circle indicates the limit of
the divergent axisymmetric circulation if there were no beta effect included in the
model.
Figure 5-3: The analytical solution of Gill (1980) plotted in surface pressure and




. . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . .
-- -------- .................................... ......
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . .
............. ............ ....... --- --- . .............. ------------ 
-----------
. . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . .
- - - - - - -*
. . . . . . . . . . .
. . . . . . . . . . .
....... .. ... 
-----------
. . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . .
. . . . . . ji 
- - - - - -
. . . . . . . . . . i 




. . . . . . . . . . - - - . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . .. . . . . . . . . . .
----------- .. . .................. ........................ ........ ............
. . . . . . . . . . .
. . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . .






















































Figure 5-4: A snapshot of the model output with ptp = 0.86 and q=0.38. The color
contours show the absolute vorticity in units of f0. The vectors are the total wind
field where wind magnitude should be multiplied by a factor of 1/118 to obtain the
non-dimensional value scaled by the phase speed of the gravity waves. The solid lines
show contours of geopotential where the contour interval is 500 m 2 s-2 which should
be divided by 14000 if scaled by the basic geopotential, <Do. The inner black circle
indicates the size of the imposed mass source. The outer black circle indicates the
edge of the divergent axisymmetric circulation if there were no beta effect included
in the model.
For the case with po = 17.28 and q=0.5 shown in Figure 5-5, the circulation
remains similar to the supercritical cases of the mid-latitude beta plane experiments,
except that the shedding frequency and the traveling speed of eddies are larger, and
the flow is much more zonal. Furthermore, the circulation is too weak to pull the high
vorticity strip southward, and consequently, there is only low-vorticity eddy shedding.
There exist 2 to 3 eddies distributed along the channel at any given instant. Each eddy
travels mostly westward and slightly southward with the maximum of its geopotential
located to the north of the minimum of its absolute vorticity. Note that from Figure 5-
5 the shedding eddies have established a westerly jet to the north and an easterly jet
to the south which extend around the periodic domain.
When po is increased to 172.8 (q = 5.0), the flow response becomes linear as
shown in Fig 5-6. The top panel of Figure 5-6 shows the initial response. A Equato-
rial Rossby wave propagates westward and a Kelvin wave propagates eastward. The
bottom panel shows the final steady state- a Sverdrup balance with a weak anticy-
clone to the west of the heating and two zonal westerly jets off the equator. For this
case, we have reached the regime where the response of the circulations is dominated
by equatorial waves as in the theory of Gill (1980).
5.2.3 Summary for all the # effect experiments
The log-log plot of pp versus q in Figure 5-7 summarizes our beta plane experiments.
The mid-latitude beta plane experiments are denoted by squares and the equatorial
beta plane experiments denoted by diamonds. These values falls in the left half of the
domain where the ratio, (pt/q =T), of the relative strength of the rotational wind to
that of the divergent wind, is greater than 1 as required by the constraint discussed
in Section 4.2. Presumably, there is also an upper limit in the top of the domain. For
example, if one fixes q and increases p 3 in such a way that all the external parameters
are fixed except for the radiative time scale, r, there is an upper limit for T in which
the generated divergent flow becomes too weak to drive the absolute vorticity close
to the zero value before it is quickly offset by the high planetary vorticity advected




















































Figure 5-5: A snapshot of the model output with pp = 17.28 and q=0.5. The color
contours show the absolute vorticity in units of f0. The vectors are the total wind
field where wind magnitude should be multiplied by a factor of 50 to obtain the non-
dimensional value scaled by the phase speed of the gravity waves. The solid lines
show contours of geopotential where the contour interval is 20 m 2 s-2 for the bottom
which should be divided 2500 respectively if scaled by the basic geopotential, <boQ.
The inner black circle indicates the size of the imposed mass source. The outer black
circle indicates the edge of the divergent axisymmetric circulation if there were no
beta effect included in the model.
.... --- - - - -- - - - - -
Figure 5-6: A snapshot of the model output with pg~ = 172.8 and q= 5.0 (a) at an
early stage (b) for the steady state. The background contours are absolute vorticity
in units of f0 with a contour interval, 4. On top of the absolute vorticity contours,
the geopotential is plotted with a contour interval 5 m 2 s-2 for the top panel and 20
2-2
m s-2 for the bottom panel. The contour of zero absolute vorticity is emphasized.
The equator is denoted by "E" and the forcing center is denoted by "X". The plotted
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Figure 5-7: A summary plot of parameters in the t fl - q domain for all the beta -effect
experiments. The ordinate indicates the parameter, p, and the abscissa indicates
the parameter, q.
localized heating in the presence of a beta effect, however, we have shown that there
exist a wide range of nonlinear behavior before the linear response is obtained.
5.3 Summary of the chapter
In this chapter, we studied the non-axisymmetric circulations with an equator in the
model domain. The following conclusions are drawn:
* In this chapter, the inclusion of a finite q, which measures the non-dimensional
distance to the equator, affects the dynamical response to an imposed local-
ized heating. When the forced low and high vorticity strips are close to the
equator, their stability properties are found to be more stable. However, as in
the mid-latitude experiments, the parameter, po, is still a good indicator of the
global scale of the time-averaged flow. Smaller [p produces a more localized
circulation, and larger po produces circulation with a larger zonal extent.
e The shedding behavior exits for a wide range of po values, 0(1) 0 O(10). Only
for po ;> 0(102) does the shedding behavior disappear, to be replaced by the
linear solution of Gill(1980).
* Equatorial waves can be generated by the broad mass sink which itself results
from the nonlinear vortex, instead of by the mass source imposed further north.
The direct linear response to the same forcing provides a similar response near





The purpose of the observational study is to apply to the real atmosphere the dynam-
ical understanding gained through the numerical experiments of the previous three
chapters. We have found that in some parameter range the vortex forced by the
localized heating sheds eddies which act to dissipate vorticity and establish a "global-
scale" circulation. It is also known that the Asian summer monsoon has a global
scale circulation despite being forced by a very localized heating source. In addition,
it is believed that the circulation belongs to the inviscid, nonlinear dynamical regime
(see Figure 1-2 in Chapter 1). Our theoretical work suggest that we should find eddy
shedding in the region of the Asian summer monsoon. This chapter describes our
discovery of such shedding events in the summer of 1990. Section 6.2 introduces the
data and the technique of contour advection with surgery (hereafter refer to as CAS;
Waugh and Plumb, 1994). Section 6.3 describes the results from analyzing the PV
field on the chosen isentropic surfaces at 350K, 360K, 370K, 380K for the summer of
1990, and the corresponding results by using CAS. Section 6.4 summarizes the results
of this chapter.
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6.2 The data and the technique of CAS
The data we use to analyze the isentropic PV field (Hoskins et al. 1985) are from the
4 times daily, OOZ, 06Z, 12Z and 18Z, NCEP/NCAR Reanalysis at 1000, 925, 850,
700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 mb isobaric levels.
The horizontal resolution is 2.5 by 2.5 degrees in longitude and latitude. We choose to
analyze PV on the surfaces 350, 360, 370 and 380K for the northern summer, (June,
July and August), of 1990. The PV is written as :
PV -g (-- (a,
1 8 1au utan4(aO aa$ a
a cos 49A a 4 a '
where (a9 and (u, v) are the absolute vorticity and the horizontal wind on the isen-
tropic surface. The potential temperature and pressure are denoted by 0 and p. The
longitude and latitude are denoted as (A, 4) respectively, and a is the radius of the
earth. The PV field is calculated by linearly interpolating the wind and pressure
fields on to isentropic surfaces separated by 5K, then finite-differencing the wind
field on the isentropic plane to compute the absolute vorticity and finite-differencing
the pressure field over 0 using centered difference to compute the static stability on
designated isentropic surfaces.
Contour advection with surgery is a technique developed by Waugh and Plumb
(1994) to trace evolution of material contours in a specified, gridded flow. The detailed
algorithm for contour representation can be found in Dritschel (1988; 1989). This
technique preserves the resolution of contours by continually adding new particles to
the contours and therefore is capable of producing fine features of advected material
contours even with low-resolution wind. This technique is more sensitive to time
resolution than space resolution. The NCEP/NCAR reanalysis provides data in every
6 hours, which should presumably be adequate to produce reasonable CAS results
since the large scale tropical flow does not evolve so quickly.
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6.3 The results
To make the visualization of PV shedding on an isentropic surface easier, the geometry
of the isentropic surfaces in physical space and the PV field distribution in (0,0)
space are first described . There are pressure maximum (height minimum) of -330
mb and -230 mb on the 350K and 360K surfaces respectively, near the center of the
Asian summer monsoon at (90E, 28N). The isentropic surfaces generally rise from the
center ranging from 50mb -100 mb. At 370K and 380K, the geometry of isentropic
surfaces near the center changes from a local valley to a dome with pressure minimum
of - 150mb and ~ 110mb respectively. The occurrence of shedding events can be
understood by the fact that the tropopause is elevated near Asian summer monsoon so
that the PV distribution in (0, 4) space has a local dome above 360K which provides
the necessary conditions for a dynamically unstable environment.
We find two episodes of low PV blobs shed from the main low-PV body near
the region centered at (90E, 28N) in July. The periods of the two episodes are
identifiable from approximately OOZ July 11 to 12Z July 13, and OOZ July 19 to 18Z
July 20. During the episodes, the shedding events are observed on the isentropic
surface at 360K, 370K and 380K but not at 350K. Figures 6-1, 6-2 and 6-3 show
plots of PV for every 6-hr at 370K from OOZ July 11 to 12Z July 13 as well as the
corresponding geopotential height at 200 mb. In these figures, the PV is nearly zero
(which is highlighted by the purple color) near the center of the circulation (90E, 28N).
There is a long low-vorticity filament pulled out from the center in a southwestward
direction. On OOZ July 11, a low PV filament extends westward to 40E from the
main PV body situated over 90E. By 12Z July 12, an anticyclonic vortex enclosed
by 1.0 PVU (1 PVU=10- 6 K m 2 kg-is-) contour has detached from the strip and
propagates westward. On 06Z July 13, the westward edge of the PV blob reaches
about 20E. A comparison of Figures 6-1, 6-2 and 6-3, with shedding events from the
model output in Figure 4-6 and Figure 5-5 shows that the PV field has a similar
distribution with a long low PV strip extending westward from the Asian summer
monsoon region. The low PV generated from the summer monsoon is well separated
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from the low PV of the tropics and surrounded by the high PV of the stratosphere.
The corresponding eddy shedding also occurs at 380K and 360K. Figures 6-4 and 6-5
shows the PV evolution plotted every 18 hours at 380K and 360K respectively. The
area occupied by the PV filaments becomes smaller with height from 360K to 380K.
On the lower isentropic surface at 350K, the PV field is quite homogeneous from
the tropics to the subtropics. There are no eddies breaking off from the center evident
in a movie of the PV field. However, the geopotential height at the level of 300 mb
where the 350K surface intersects, shows the breaking-off. Figure 6-6 shows the
PV evolution and the geopotential at 300 mb. The lowest level of the geopotential
breaking-off is observed around 400 mb which is deeper than the depth of PV shedding
(from -110 mb to -230mb). This is consistent with the penetration depth, h =
NL/f, from inverting PV (5 - 6 km if we take buoyancy frequency, N - 1.2 x 10-2,
the eddy size, L - 106 m and the Coriolis parameter f at 25 - 30*N). After 12Z July
13, the detached blob is greatly intensified and advected northward to 40N, afterwards
it is advected eastward by the westerly jet and merges back with the mother vortex.
The second episode of eddy shedding is observed in the period from OOZ July 19
to 18Z July 20. Figures 6-7 and 6-8 show the evolution at successive 6 hour intervals.
In this event, the detached eddy does not drift very far before being recaptured by
the mother vortex.
On observing the intensity of the shed vortices, it seems that the PV is not con-
served but intensified in the later stages of the described period. To ensure that
the apparent shedding events in the data is due to inviscid processes, CAS is used
to reproduce the episode. The 0.5, 1.0 and 1.5 PVU contours at OOZ July 11 PVU
are advected for three days with the corresponding wind on isentropic surfaces. Fig-
ures 6-9, 6-10 and 6-11 show the evolution of the 0.5, 1.0 and 1.5 PVU contours of PV
on 360K, 370 and 380 K at 18-hr intervals. Comparing these pictures to the analyzed
PV fields, we can confirm that these shedding events are indeed due to the inviscid
processes. Since there are no closed PV contours at 350K, we choose the pressure
contours near the center as the initial contours to be advected. Figure 6-12 shows the
results at 18 hr intervals. The contours do not stretch out and roll up into a vortex,
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but are only advected southwestward.
It is the low PV strip embedded in a high PV background that provides the
dynamically unstable condition necessary to generate the transient eddies in both
the theoretical model and the observational shedding events on the 360K, 370K and
380K surfaces - demonstrating the consistency of the model and the observations.
The low PV at 350K near the monsoon region is not separated from the low PV in
the tropics so that the PV field is quite uniform to the south of the subtropics and
therefore one would not expect any shedding event to take place.
6.4 Summary of the Chapter
In this chapter, we presented two episodes of eddy shedding in July 1990 from the
Asian summer monsoon by analyzing the PV fields and using the CAS technique. The
eddy shedding only takes place at the heights between the 360K to 380K surfaces with
a thickness of about 100 mb. On these isentropic surfaces (360K-380K), there is a
low-PV strip of tropospheric air over the Asian summer monsoon embedded in the
high PV stratospheric air. The PV environment is dynamically unstable because
the PV gradient changes sign. Consequently, there are eddies that detach from the
mother vortex and drift away. The induced geopotential breaking off penetrates much
deeper than the PV field and are observed from 100 mb to 400 mb. The depth of
geopotential breaking off is the depth which would be obtained from inverting PV.
The robustness of PV breaking off is confirmed by using CAS technique which is able
to recapture the shedding events.
105
































Figure 6-1: Time sequence of PV field at 370K (color shading) and the geopotential
height at 200 mb (line contours) over the Asian summer monsoon at successive 6 hour
time integrals starting from 18Z July 10 of 1990. The color contour interval is 0.05
PVU. The lines contour is 25 m.
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Figure 6-2: Continuation of Figure 6-1
107
18Z JUL 12 1990 IPV 370K and GEO HEIGHT 200mb

























12Z JUL 13 1990
20W 0 20E 40E 60E 80E 100E 120E 140E 160E 180
Figure 6-3: Continuation of Figure 6-2
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Figure 6-4: Time sequence of PV field at 380K (color shading) and the geopotential
height at 150 mb (black contours) over the Asian summer monsoon at successive 18
hour time intervals from OOZ July 11 to 06Z July 13 of 1990. The color contour
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Figure 6-5: Time sequence of PV field at 360K (color shading) and the geopotential
height at 250 mb (black contours) over the Asian summer monsoon at successive 18
hour time intervals from OOZ July 11 to 06Z July 13 of 1990. The color contour
interval is 0.05 PVU. The line contour interval is 25 m.
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Figure 6-6: Time sequence of PV field at 350K (color shading) and the geopotential
height at 300 mb (black contours) over the Asian summer monsoon at successive 6
hour time intervals from 00Z July 11 to 06Z July 13 of 1990. The color contour
interval is 0.05 PVU. The line contour interval is 25 m.
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Figure 6-7: Time sequence of PV field at 370K (color shading) and the geopotential
height at 200 mb (black contours) over the Asian summer monsoon at successive 6
hour time intervals from 00Z July 19 to OOZ July 20 of 1990. The color contour
interval is 0.05 PVU. The line contour interval is 25 m.
112
00Z JUL 20 1990 IPV 370K and GEO HEIGHT 200mb
























18Z JUL 20 1990
0 W
20W 0 20E 40E 60E 80E 100E 120E 140E 160E 180
Figure 6-8: Continuation of Figure 6-7
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Figure 6-9: PV evolution at 360K over the Asian summer monsoon from CAS tech-
nique, plotted at 4 successive 18 hour intervals. The initial field is 0.5, 0.75 and 1.0
PVU potential vorticity contours on 360K at 18Z July 10 1990.
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Figure 6-10: PV evolution at 370K over the Asian summer monsoon from CAS tech-
nique, plotted at 4 successive 18 hour intervals. The initial field is 0.5, 0.75 and 1.0
PVU potential vorticity contours on 370K at 18Z July 10 1990.
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Figure 6-11: PV evolution at 380K over the Asian summer monsoon from CAS tech-
nique, plotted at 4 successive 18 hour intervals. The initial field is 0.5, 0.75 and 1.0
PVU potential vorticity contours on 380K at 18Z July 10 1990.
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Chapter 7
Conclusions and future work
7.1 Conclusions
In this thesis, we have studied non-axisymmetric thermally driven circulations. The
study consists of two parts, one numerical and the other observational. The numer-
ical simulation is conducted in a shallow water system and the observational study
analyzes NCEP/NCAR Reanalysis PV fields for the summer of 1990. CAS technique
is used to supplement the observational analysis.
7.1.1 Results from numerical simulations
The first part of the study numerically simulates a wide range of flow behaviors
ranging from flows which are nonlinear to those which are linear. In order to sys-
tematically investigate the evolution of the flows in parameter space, we begin by
studying the axisymmetric flow in Chapter 3. The axisymmetry is then removed by
either imposing a uniform flow or a midlatitude beta plane effect in Chapter 4. The
control parameter for the uniform flow experiments is, ym, the ratio of the strength
of the imposed uniform flow to that of the characteristic divergent flow. The control
parameter for the midlatitude beta plane experiment is po, the ratio of the free drift
speed of the corresponding axisymmetric vortex to the speed of the characteristic
divergent flow. The most important conclusions are:
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1. There exists a critical value of the control parameter (pm. or p,3) for each series
of experiments. The critical value separates localized, persistent circulations
from transient generating, global-scale circulations. The critical value for the
uniform flow experiment is pmc, where 1.38 < yme < 1.65. The critical value
for the midlatitude beta plane experiments is pc, where 0.86 < p&e < 2.16.
2. In the parameter range where pm > 1.65 or pp > 2.16, the tips of filaments,
which are drawn from the forced vortex, roll up into small vortices and then
detach via instability. The detached transient eddies transport low-PV to the
far field and act to weaken the circulation in comparison with the corresponding
inviscid linear runs.
3. The transient effect can be parameterized as a linear damping term.
Some equatorial beta plane experiments are investigated in Chapter 5. In these
experiments, the equator is within 1-2 R (radius of the axisymmetric circulation, see
Chapter 3). Equatorial waves dynamics are relevant. From this set of experimental
results, the conclusions are:
1. When the forcing is close enough to the equator, the stability character changes
to be more stable because of the change of PV background.
2. The critical value obtained from the midlatitude beta plane experiments still
applies to separate local circulations to global scale circulations in parameter
space.
3. The shedding events persists even when po is increased to the order of 101 and
only vanishes when it is increased to the order of 102.
4. Linear equatorial waves can be excited by the "diabatic cooling" (the mass sink)
whose shape and location is determined by the dynamics of the nonlinear vortex.
In such a case, the linear wave has an opposite sign than that which would be
excited by the "diabatic heating" (the mass source), as in Gill's solution.
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7.1.2 Results from observational study
In the second part of the thesis, two episodes of shedding behavior are found from
analyzing isentropic potential vorticity fields for the summer of 1990. One episode
takes places from OOZ July 11 to 12Z July 13 and the other from OOZ July 19 to 18Z
July 20. The instability is possible because the local tropopause is lifted to a height
above 380K due to deep convection over the Asian summer monsoon. This creates a
low PV strip surrounded by an environment of high PV which exists at heights above
360K. In order to confirm that the shedding of eddies is due to inviscid dynamical
processes, the technique of CAS is used to reproduce the breaking off, ruling out the
possibility that eddy breaking-off is due to fluctuations in the convection.
7.1.3 Discussion and suggestions for future work
The detection of transient eddies over the area of Asian summer monsoon suggests
that the parameter range in the real atmosphere probably falls into the supercritical
range of the beta plane experiments. A rough estimation is given as follows. , =
U* and q = ** would be 11 and ~ 0.2 for the Asian summer monsoon if we
take 3 and f at 30ON and L 750 km (Wirth 1998) 2 and ux 1ms 1 (L = 1/2R
where R is the edge of the axisymmetric thermally-driven circulation. Refer back to
Chapter 3). Should the characteristic divergent flow exceed 5ms-1, the circulation
would be nonlinear and localized as ZAV solution suggests.
An intensive search for eddy shedding in the atmosphere would help further clar-
ify the role of transients in setting the time-mean global scale of the Asian summer
monsoon. Our discovery of two episodes of eddy shedding only brings up the pos-
sibility that transients play a role in affecting the strength and shape of the global
scale circulation by linking them to our highly simplified numerical simulations. A
more quantified observational study should be conducted before any firm conclusions
can be drawn.
2Wirth (1998) solved the steady axisymmetric solutions on the f-plane in a dry stratified atmo-
sphere. He finds that the size of the axisymmtric vortex (R) does not increase and is ~ 1500 km
when the thermal forcing amplitude exceeds 5*C day-1 .
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Furthermore, our study gives some hints on how to simulate the same behavior
in a more realistic model. For instance, the PV shedding from the observations only
occurs in a very shallow layer in the atmosphere near the tropopause of - 100 mb
depth. A resolution finer than 50 mb should be considered. Also, our uniform flow
experiments suggest that for a nonlinear localized flow to exist, the external flow can
not be much larger than the characteristic divergent flow. It suggests that a localized
forcing is best imposed in a place with weak external flows (preferably weak westerlies
to offset the westward drift cause by the beta effect) if one intends to find a more
nonlinear solution.
Finally, a formal theory to predict the scale and strength of the global-scale an-





A.0.4 The divergence equation
We rescale the non-dimensional divergent equation by the following, T = De- , L,
1, V, - L, 4 ~ L, to obtain:
&D +V.-(KV+K2V VV]+V. [(Vx+KV(p)VV,]+K 2 2 4-K2( = 0., (A.1)at
with
K = T = (Geb 2 -1/2_r, (A.2)
For the nonlinear balance equation to be valid, the non-dimensional parameter K
has to be greater than 1, where K is the ratio between the time scale for a particle
to travel from the source to the sink and to the inverse of the Coriolis parameter,
or equivalently, the ratio between the rotational wind and the divergent wind. The
rotational wind is required to contribute most of the energy. In such a case, the
divergence equation can reduce to the nonlinear balance equation as follows:
V-[V-VV] + 720 -(=0.. (A.3)
The requirement that K > 1 yields,
(eb b2-1/2_r> 1,
as in Section 4.2.
122
A.0.5 The mass equation
The mass equation is scaled by 4, T = D- (D- inside the mass source region), L
and Vp ~ L. We also assume that the angle between geopotential and the rotational
wind is small such that the advection term due to the divergent flow has the same
order as the advection term due to the rotational wind. With the assumptions, the
mass equation is rewritten as,
ao + (V + V) - 7 + [6, A] v -Vx = Sexp[-(r/b)2 ] - A\ + v V2 4, (A.4)
at
with
[S, A] r (A.5)
A r > b2
S = b- 2, (A.6)
and
A = .=((Deb 2) -/. (A.7)
In the mass equation, if the Newtonian cooling term is required to be more im-
portant than the advection term, A in -A4 has to be greater than 1, i.e. T > r,
the time scale of the divergent flow has to be longer than the radiative time scale.
Equivalently A in the "stratification" term [S, A]V -V has to be more important than
the advection term. Note also that A is the ratio between the basic geopotential and




e < b 2
Also, we require that the localized mass source generates a broad mass sink such
that the following balances hold, ( if the magnitudes of the forcing and the cooling are
comparable, their sum rather than the individual term would cause the divergence or
convergence), that is,
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Ddz, ~ - and Dean ~
TT








The shallow water model was coded in dimensional form, yet all the variables are
expressed in non-dimensional form in the text of the thesis. To keep a record of the
actual values used, variables are summarized in this Appendix. Table B.1 lists the
variables used for the axisymmetric experiments of Chapter 3, the uniform flow and
midlatitude f plane experiments of Chapter 4, and the last two experiments, No. 4
and 5, of Chapter 5. See Section 3.2 for the definition of the variables. The non-
dimensional variables, rK,7, Pm,(p ; q), in the vorticity equation in Section 4.3.2 and
4.4.2 can be found in Table 4.2 and 4.1. Table B.2 lists the beta values used for
midlatitude 3 plane experiments. Table B.3 lists the beta values used for Exps. No.
4 and No. 5 of the equatorial f plane experiments in Chapter 5. The variables for
Exps. No. 1- 3 of the equatorial 3 plane experiments are listed in Table B.4. The
nondimensional variables, pt and q, can be found in Table 5.1.
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f0 (10-5s-) 1
o (m2s- 2 ) 2500
(De = C*/(Do 1.5625
T* (day); T = r*f- 10; (8.64)
b*(km); b = b*/LR 1000; (0.2)




5 of Chapter 5.
of parameters for Chapter 3, Chapter 4 and Exps. No. 4 and No.
Exp. No.(midlatitude) 1 2 3 4 5 6
*(10-13 m- 1s- 1) 0.1 0.5 0.75 1 2.5 5.0
0 = O*LR/fo 0.005 0.025 0.0375 0.05 0.125 0.25
Table B.2: Values of beta used for the midlatitude p plane experiments.
Exp. No.(equatorial) 4 5
#*(101-1 ms- 1); (3) 0.2 2.0
0 = O*LR/fo 1 10
Table B.3: Beta values used for the equatorial 3 plane Experiments No. 4 and 5.
Parameter Exp. No.(equatorial) 1 2 3
fo (10- 5s 1 ) 9.3490 6.1467 7.2722
D (m2s~ 2 ) 66795 28000 14000
e = /o 1.6699 0.7459 1.5065
T* (day); T 0.25; (0.8729) 0.25; (1.3277) 0.25; (1.5708)
b*(km); b 500;(0.18) 1000; (0.3673) 1000; (0.6146)
v*(10 5 m2 s 1 ); V 3. (5.2 x 10- 4 ) 1. ;(2.1953x 10-4) 1. ; (5.1947 x 10-4)
LR (km) 2764 2722 1627
R (km) 2673 3066 2826
0*(10-1 m-1s-1) 1.7488 2.069 1.9771
/ = O*LR/fo 0.5170 0.9163 0.4423
__ 
7.279 2.3514 1.9971
r 0.0066 0.0029 0.0014




Carton, X. J., G. R. Flierl and L. M. Polvani, 1989: The generation of tripoles from unstable
axisymmetric isolated vortex structures, Europhys. Lett., 9, 339-344.
Dritschel, D. G., 1988: Contour surgery: a topological reconnection scheme for extended
integrations using contour dynamics, J. Comput. Phys., 77, 240-266.
, 1989: Contour dynamics and contour surgery: Numerical algorithms for extended,
high resolution modelling of vortex dynamics in two-dimensional, inviscid, imcopressible
flows., Comput. Phys. Rep., 10, 77-146.
Fiorino, M., and R. L. Elsberry, 1989: Some aspects of vortex structure related to tropical
cyclone motion, J. Atmos. Sci., 46, 975-990.
Flierl, G. R., 1977: The application of linear quasi-geostrophic dynamics to Gulf Stream
rings, J. Phys. Oceanogr., 7, 365-379.
, 1988: On the instability of geostrophic vortices, Annu. Rev. Fluid Mech., 197,
349-388.
Gill, A. E., 1980: Some simple solutions for heat-induced tropical circulation, Quart. J.
Royal. Met. Soc., 106, 447-462.
Hadley, G., 1735: Concerning the cause of the general trade winds, Phil. Trans., 29, 58-62.
Heckley, W. A., and A. E. Gill, 1984: Some simple analytical solutions to the problem of
forced equatorial long waves, Quart. J. Royal. Met. Soc., 110, 203-217.
Held, I. M., and A. Y. Hou, 1980: Nonlinear axially symmetric circulations in a nearly
inviscid atmosphere, J. Atmos. Sci., 37, 515-533.
, and P. J. Phillips, 1990: A barotropic model of the interaction between the Hadley
cell and a Rossby wave, J. Atmos. Sci., 47, 856-869.
Hendon, H. H., 1985: The time-mean flow and Variability in a nonlinear model of the
atmosphere with tropical diabatic forcing, J. Atmos. Sci., 43, 72-88.
Hide, R., 1969: Dynamics of the atmospheres of the major planets with an appendix on
the viscous boundary layer at the rigid boundary surface of an electrically conducting
rotating fluid in the presence of a magnetic field, J. Atmos. Sci., 26, 841-853.
127
Holton, J. R., and D. E. Colton, 1972: A diagnostic study of the vorticity balance at 200 mb
in the tropics during the Northern Hemisphere summer, J. Atmos. Sci., 29, 1124-1128.
, 1972: An introduction to dynamic meteorology, p. 511, Academic Press, New York,
third edition.
Hopfinger, E. J., and G. J. F. van Heijst, 1993: Vortices in rotating fluids, Annu. Rev. Fluid
Mech., 25, 241-289.
Hoskins, B. J., M. E. McIntyre and A. W. Robertson, 1985: On the use and significance of
isentropic potential-vorticity maps, Quart. J. Royal. Met. Soc., 111, 877-946.
, 1996: On the existence and strength of the summer subtropical anticyclones, Bulletin
American Meteorological Society, 77, 1287-1292.
Hoskins, B. J., and M. J. Rodwell, 1995: A model of the Asian summer monsoon. Part I.
The global scale, J. Atmos. Sci., 52, 1329-1340.
Hsu, C. J., 1994: Simulated Atmospheric Response to localized, equatorial diabatic heating,
general exam paper not published.
James, I. N., 1994: Introduction to circulating atmospheres, p. p422, Cambridge University
Press.
Krishnamurti, T. N., 1971: Tropical east-west circulations during the northern summer, J.
Atmos. Sci., 28, 1342-1347.
Lau, K. M., and H. Lim, 1982: Thermally driven motions in an equatorial # plane: Hadley
and Walker circulations during the winter monsoon, Mon. Wea. Rev., 110, 336-353.
Lindzen, R. S., 1990: Dynamics in atmospheric physics, p. 310, Cambridge University Press,
Cambridge, UK.
, and A. Y. Hou, 1988: Hadley circulations for zonally averaged heating centered off
the equator, J. Atmos. Sci., 45, 2416-2427.
Lindzen, R. S., and S. Nigam, 1987: On the role of sea surface temperature gradients in
forcing low-level winds and convergence in the tropics, J. Atmos. Sci., 44, 2418-2436.
Lorenz, E. N., 1967: The nature and theory of the general ciculation in the atmosphere, p.
p161, WMO publ. No 218 T.P. 115.
Matsuno, T., 1966: Quasi-geostrophic motions in the equatorial area, J. Meteor. Soc. Japan,
44, 25-43.
128
Neelin, J. D., 1988: A simple model for the surface stress and low-level flow in the tropical
atmosphere driven by prescribed heating, Quart. J. Royal. Met. Soc., 114, 747-770.
, 1989: Interpretation of Gill model, J. Atmos. Sci., 46, 2466-2468.
Nobre, C. A., 1983: Tropical heat sources and their associated large=scale atmospheric
circulation, Ph.D. thesis, MIT, pp. 1-240.
Ooyama, K. V., 1987: Numerical experiments of steady and transient jets with a simple
model of the hurricane outflow layer, pp. 318-320, 17th conference on hurricanes and
tropical meteorology, Miami, Florida, Amer. Meteor. Soc.
Paegle, J., J. N. Paegle and F. P. Lewis, 1983: Large-scale motions of the tropics in obser-
vations and theory, PAGEOPH, 121, 947-982.
Philander, S. G., 1990: El Nifio, La Nidia, and the southern oscillation, p. 293, Academic
Press, New York.
Phlips, P. J., and A. E. Gill, 1987: Analytical model of the heat induced tropical circulation
in the presence of a mean wind, Quart. J. Royal. Met. Soc., 113, 213-236.
Plumb, R. A., and A. Y. Hou, 1992: The response of a zonally symmetric atmosphere to
subtropical thermal forcing, J. Atmos. Sci., 49, 1790-1799.
Rhines, P., 1977: The dynamics of unsteady currents, the sea, 6, 189 -318.
, 1983: Lectures in geophysical fluid dynamics, Lectures in geophysical fluid dynamics,
Applied Math, 20, 189 -318.
Rodwell, M. J., and B. J. Hoskins, 1996: Monsoons and the dynamics of deserts, J. Atmos.
Sci., 122, 1385-1404.
Sardeshmukh, P. D., and I. M. Held, 1984: The vorticity balance in the tropical upper
troposphere of a General Circulation Model, J. Atmos. Sci., 41, 768-778.
, and B. J. Hoskins, 1985: Vorticity balances in the tropics during the 1982-83 El
Nino-Southern Oscillation event, Quart. J. Royal. Met. Soc., 111, 261-278.
Schneider, E. K., 1977: Axially symmetric steady states models of the basic state for
instability and climate studies. Part II:nonlinear calculations, J. Atmos. Sci., 34, 280-
296.
, 1987: A simplified model of the modified Hadley circulation, J. Atmos. Sci., 44,
3311-3328.
129
Schneider, E. K., and R. S. Lindzen, 1977: Axially symmetric steady-state models of the
basic state for instability and climate studies. Part I. Linearized Calculations, J. Atmos.
Sci., 34, 263-296.
Sobel, A. H., and R. A. Plumb, 1998: Quantitative diagnostics of mixing in a shallow water
model of the stratosphere, submitted to J. Atmos. Sci.
Sutyrin, G. G., and G. R. Flierl, 1994: Intense vortex motion on the beta plane: development
of the beta gyres, J. Atmos. Sci., 51, 773-790.
Waugh, D. W., and R. A. Plumb, 1994: Contour advection with surgery: A technique for
investigating finescale structure in tracer transport, J. Atmos. Sci., 51, 530-540.
Webster, P. J., 1972: Response of the tropical Atmosphere to local, steady forcing, Mon.
Wea. Rev., 100, 518-541.
, 1973a: Remote forcing of the time-dependent tropical atmosphere, Mon. Wea. Rev.,
101, 58-68.
Webster, P. J., 1973b: Temporal variation of low-latitude zonal circulations, Mon. Wea.
Rev., 101, 803-816.
, 1983: The large-scale structure of the tropical atmosphere, pp. 235-273, Academic
Press Inc.
Webster, P. J., and J. R. Holton, 1982: Cross-equatorial response to middle-latitude forcing
in a zonally varying basic state, J. Atmos. Sci., 39, 722-733.
Wirth, V., 1998: Thermally forced stationary axisymmetric flow on the f-plane in a nearly
frictionless atmosphere, submitted to J. Atmos. Sci.
Wu, C.-C., and K. A. Emanuel, 1993: Interaction of a baroclinic vortex with background
shear: application to hurrican movement, J. Atmos. Sci., 50, 62-76.
Zhang, X., 1997: Moist zonally-symmetric models and their application to West African
Monsoons, Ph.D thesis, pp. 1-217.
Zhang, Z., and T. N. Krishnamurti, 1996: A generalization of Gill's heat induced tropical
circulation, J. Atmos. Sci., pp. 1045-1052.
130
